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2.1 Introduction

2.1.1 Role of radiation, clouds, atmospheric water, water vapor, whose distribution is determined by a com-
and precipitation in climate and global change plex web of interactions within the climate system itself.
The temperature near the surface of the Earth is in therThe dependence of saturation vapor pressure of water on
modynamic equilibrium when the absorption of radiant temperature provides one of the potentially most power-
energy from the sun is in approximate balance with theful positive feedback processes in the climate system. The
emission of radiant energy to space by the planet. Sourcegater vapor distribution interacts strongly with convec-
of heat that are internal to the Earth system are negligibldion and the associated clouds, precipitation, large-scale
in a global sense. The energy output of the sun is a criticirculations, and the thermal structure of the atmosphere.
cal control on the Earth’s climate. The amount of available Understanding the interactions among radiative
solar energy absorbed by the Earth depends on itéransfer, clouds, water vapor, and precipitation, and in-
reflectivity, which is strongly dependent on the fractional corporating this understanding into appropriate models,
coverage and optical properties of clouds in the atmo-constitutes a critical step in predicting future climate
sphere, aerosol amount and properties, atmospheriehanges and their regional and global impacts. In addi-
humidity, and the condition of the surface. These proper-tion, these processes are also important for seasonal and
ties in turn interact with the temperature distribution and interannual variability. In particular, mechanical and ther-
circulation of the atmosphere. Surface ice cover is sensimodynamic interactions between the atmosphere and the
tive to the global mean temperature of the Earth, and cloudcean on these time scales are strongly modulated by
amount and properties may also change with the meaglouds, water vapor, and large-scale circulations.
climate. EOS will collect a set of global observations that
The surface temperature of the Earth depends nobear directly on the radiative, cloud, and hydrologic pro-
only on the absorbed solar radiation, but also on the relacesses in the Earth’s atmosphere. Through instrument team
tionship between the surface temperature and the rate dfivestigations, interdisciplinary science investigations,
which energy is returned to space by the radiative emis@nd use by the wider scientific community, these obser-
sion of the Earth. This relationship is controlled by the vations will be translated into an improved understanding
amount and vertical distribution of greenhouse gasesof these processes and into improvements in our models
clouds and aerosols, and their relationship with the temOf climate (Hartmann 1994).
perature profile. The most important greenhouse gas is

2.2 Major scientific issues

2.2.1 Total solar irradiance (TSI) and the Earth’s 2.2.1.2 Space-based observations of TSI variability

climate The first long-term solar monitoring utilizing an Electri-
cally Self-Calibrating Cavity (ESCC) sensor in space was
2.2.1.1 Role of TSI in climate change the Earth Radiation Budget (ERB) experiment on the

Monitoring TSI, the energy from the sun that is available National Aeronautics and Space Administration (NASA)
to be received at the average distance of the Earth fronNimbus 7 spacecraft. The ERB database, beginning in
the sun, has been a goal of science for more than a cefate 1978 and continuing to early 1993, is the longest cur-
tury. At any time in the Earth’s history the climate regime rently available (Hickey et al. 1980; Hoyt et al. 1992).
of the biosphere has been determined by the TSI, the atJnambiguous evidence of TSI variability was first de-
mospheric chemical composition, the distribution of tected in the highly precise results of the Active Cavity
oceans and land masses, and the circulations of the oceaRadiometer Irradiance Monitor (ACRIM [) experiment
and atmosphere that act in combination to determine then the NASA Solar Maximum Mission (SMM) in 1980
net retention of solar energy, its distribution within the (Willson et al. 1981). The principal features of TSI vari-
climate system, and its ultimate return to space by radiaability have been identified in the ERB results as well.
tive emission. The mutually corroborative function of the ACRIM | and
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ERB results has played an important role in verifying TSI Il experiments have documented the direct dependence
variability on the solar activity cycle time scale. of TSI on solar activity during solar cycles 21 and 22.
A series of short-term TSI experiments have beenQualitatively similar results have been obtained with the
flown on or deployed from the space shuttle to provide Earth Radiation Budget Satellite (ERBS) solar monitor
comparison experiments for satellite solar monitors. The(Lee et al. 1995).
Spacelab 1 and Atmospheric Laboratory for Applications One of the most significant findings from the pre-
and Science (ATLAS) flights between 1983 and 1993 em-cision TSI database thus far is on solar cycle time scales:
ployed two different TSI experiments, as has thea direct correlation of luminosity and solar activity
shuttle-deployed and -retrieved European Retrievable(Willson and Hudson 1986, 1988, 1991; Foukal and Lean
Carrier (EURECA) platform that operated during 1992- 1988; Hoyt et al. 1992; Frohlich 1994). TSI showed a
1993 (Frohlich 1994; Crommelynck et al. 1994; Willson 0.1% peak-to-peak amplitude during solar cycle 21. The
1994). The shuttle ACRIM experiment has demonstratedobserved maximum of TSI at the maximum in solar ac-
a capability of sustaining flight-to-flight precision of the tivity agrees in sense with that predicted from the
order of 100 parts-per-million (ppm). This precision is coincidence of the “Little Ice Age” climate anomaly and
comparable to the accuracy achievable by radiometers opthe “Maunder Minimum” of solar activity during the sev-
erating at cryogenic temperatures, but significantly inferior enteenth and eighteenth centuries (Eddy 1977).
to the precision accessible using an overlap strategy with Solar cycle TSl variation is predicted with varying
“ambient temperature” satellite experiments (Willson degrees of success by linear regression models using the
1995). precision TSI database and “proxies” of solar activity, such
The results of modern TSI monitoring are shown as the Zirich sunspot number, the 10.7-cm microwave
in Figure 2.1. The Nimbus7/ERB, SMM/ACRIM | and flux, the He | 1083-nm full-disk equivalent width, and
Upper Atmosphere Research Satellite (UARS)/ACRIM the “core-to-wing ratio” of the Mg Il line at 280 nm. The
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Record of total solar irradiance (TSI) monitoring from space. Includes data from Nimbus 7/ERB, Solar Maximum Mission, UARS/
ACRIM, and ERBE solar monitor, plus some shuttle observations.
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use of the He | model led to the initial realization of the 2.2.1.3 Remaining uncertainties
primary role of faculae and the bright network in the so-
lar cycle TSI variation (Foukal and Lean 1988, 1990; 2.2.1.3.1 Uncertainties resulting from measurement technology
Livingston et al. 1988; Willson and Hudson 1988). The The “absolute” uncertainty of theurrent generatiorof
“proxy models” of TSI have been useful in providing TSI flight instruments, which operate at ambient tempera-
qualitative explanations of solar phenomena, but in viewtures, is about 1000 ppm in the laboratory and about
of the fact that they are simple statistical constructs andwo-to-three times larger in flight experiments (Willson
not physical models, it is not surprising that significant 1973, 1979, 1982; Frohlich 1994). Ambient temperature
differences are found between predictions of TSI and satTS| radiometry is a mature technology that has been thor-
ellite observations. oughly flight tested in various configurations on balloon,
An inverse relationship between sunspot area andocket, space shuttle, and satellite flight platforms (Willson
total irradiance has been found on the solar rotational time1 973, 1979, 1982; Duncan et al. 1977; Hickey et al. 1988).
scale (27 days) with deficits in total irradiance of up-to- The principal remaining sources of uncertainty for well-
0.3% (Willson et al. 1981, Willson 1982; Hudson and designed ambient temperature sensors are the
Willson 1982; Foukal and Lean 1988). There is growing determination of their aperture areas and the myriad of
evidence that most of the missing flux is balanced by ex-small, parasitic thermal interactions between the cavity
cess facular radiation on the active region time scaledetector and its surroundings.
(months) (Willson 1984; Foukal and Lean 1986). The absolute uncertainty ofreew generatiorof
On the shortest time scales, solar global oscilla- TS| sensors operating near the temperature of liquid He-
tions of low degree have been detected in the ACRIM Iljum approaches 100 ppm in the laboratory
total irradiance data, including pressure modes (time scaleenvironment—a 10-fold improvement relative to “ambi-
of minutes—the so-called 5-minute oscillations or “P- ent temperature” sensors. Cryogenic sensors face some
modes”) and possible gravity modes (time scales of hourgiaunting challenges in their transformation into space
to days). Interpretation of the 5-minute-oscillation results flight experiments, however. They must use small aper-
from the ACRIM | experiment has placed an upper limit tures (~0.3-cm diameter compared to 0.8 cm for “ambient
on differential rotation of the outer solar atmosphere as aemperature” radiometers) to minimize solar heating that
function of solar radius, and therefore on solar oblate-would otherwise prevent their cryogenic coolers from
ness, providing support for the relativistic interpretation reaching the required temperatures (< 20 K). The singu-
of the perihelion of Mercury observations (Woodard and |ar advantage of cryogenic sensors is that the parasitic
Hudson 1983; Woodard 1984, Frohlich 1987; Woodard thermal uncertainties are reduced to negligible levels.
and Noyes 1985). Aperture-area determination remains the most limiting
P-mode oscillations are constrained to the convec-source of uncertainty since their small apertures cannot
tion zone or just below, limiting the depth within the sun be determined with the same accuracy as the larger ones
for which their analysis can provide new physical insight. employed in ambient temperature sensors.
Should gravity mode oscillations be verified in TSI data, Contamination is a major source of uncertainty in
their analysis would yield information on physical pro- any TSI flight experiment, and it is of particular concern
cesses extending to the solar core. for cryogenic sensors. At low temperatures they would
TSI variations on time scales shorter than a yearfunction as attractors for condensables and particulates.
do not appear to be of direct climatological interest but Accumulation of contaminants on the rims of their small
contain information on solar variability that has provided apertures would cause larger errors than for ambient tem-
new insight into the physics of the sun. Continuous TSl perature instrumentation. A realistic expectation for their
monitoring, particularly by satellites with a high solar- eventual in-flight performance would likely be in the sev-
pointing duty cycle during each orbit can provide the eral hundred ppm uncertainty range. Moreover, functional
observations that will facilitate future solar models that lifetime in orbit is a greater concern with cryogenic in-
may predict TSI variability with sufficient precision to struments.
anticipate possible corresponding climate variations.
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2.2.1.3.2 Present and planned TSI monitoring 2.2.1.4 Needed observations and observational strategy
The impact of ambient temperature sensor “absolute” un-Sustained changes in TSI of as little as a few tenths of
certainties on TSI monitoring can be seen in Figure 2.1.0ne percent per century could be causal factors for sig-
The highest (Nimbus7/ERB) and lowest (ERBS) lie at nificant climate change on time scales ranging from
+0.25% about the mean (1369 WnThis is within the ~ decades to centuries (Lean et al. 1995). A precise, long-
expected uncertainty of these sensors’ “native” scalesterm record of solar luminosity variation is required to
Should the series of long-term TSI experiments be inter-provide empirical evidence of the sun’s role in climate
rupted, the continuity of the long-term TSI database couldchange and to separate its effect from other climate driv-
not be re-established by deployment of another experiers. The same record, together with climate and other solar
ment with an uncertainty less than +0.25%. Since climateobservations, will yield a valuable empirical record of TSI
changes comparable to the “Little Ice Age” may involve variability against which climate observations can be
TSI changes as small as 0.5% over 200+ years, the logested, and will also yield an improved understanding of
of contiguity in the satellite solar-monitoring experiments the physics of the sun and the causes of luminosity varia-
would render the database useless for climatology. tions. The record could also eventually lead to a predictive
The ACRIM | experiment terminated with the re- capability for solar-driven climate change.
entry of the SMM spacecraft in late 1989. The Nimbus7/ The National Research Council (NRC) recently
ERB experiment ceased operations in early 1993. Thepublished its findings regarding research priorities for
precision TSI climate database is currently being sustainedolar Influences on Global Change, one of the seven sci-
by two experiments: the UARS/ACRIM Il launched in ence elements of the U.S. Global Change Research
1991 and the European Space Agency’s (ESA) SolaProgram (USGCRP) (NRC 1994). Their recommenda-
Heliospheric Observatory (SOHO)/Variability of solar Ir- tions include “monitoring total and spectral solar
radiance and Gravity Oscillations (VIRGO) launched in irradiance from an uninterrupted, overlapping series of
late 1995. The connection to the database compiled bypacecraft radiometers employing in-flight sensitivity
the ERB and ACRIM 1 is conserved by the ACRIM Il tracking” as this element’s highest priority and most ur-
experiment. The ERBS TSI instrument is also contribut- gent activity.
ing data, but it was launched in 1984 and is limited by Monitoring solar luminosity variability with maxi-
aging spacecraft batteries. mum precision demands not only state-of-the-art
The UARS has on-board resources and an orbittechnology but the use of an optimum research strategy.
that could last to the year 2000. Problems with the batter+ollowing is an evaluation of approaches to sustain the
ies and solar panel drive systems raised some doubts aboptecision TSI database with the requisite 10-ppm or
its life expectancy early in the mission but work-arounds smaller discontinuities between experiments.
appear to have stabilized the satellite. The SOHO/VIRGO
experiment became fully operational in March 1996 and2.2.1.4.1 The “overlap” strategy with ambient temperature radi-
has a two-year minimum mission lifetime that could ex- ometers
tend significantly by virtue of its Lagrangian point orbit. A relative precision smaller than 10 ppm should be readily
VIRGO has experienced some initial problems with its achievable for the data of overlapped satellite solar moni-
two TSI instruments, but appears to be capable of providtors, assuming a sufficiency of overlapping comparisons
ing high-quality results using work-arounds. and adequate degradation calibrations. The principal
The next planned TSI experiments are a series ofsource of uncertainty for satellite experiments is degra-
ACRIMs designed to provide the database during the 15dation of their sensors by extended solar exposure during
years of the Earth Observation System (EOS) programmulti-year missions. The series of ACRIM experiments
The first EOS/ACRIM will launch in 1999. The major has employed a three-fold sensor redundancy and a phased
concern in the effort to sustain the TSI database duringoperational modality that can calibrate such degradation
the late 1990s is the possible cessation of UARS/ACRIMwith a residual uncertainty of less than 50 ppm per de-
I and SOHO/VIRGO observations prior to the inception cade. Fully-implemented three-fold sensor redundancy is
of EOS/ACRIM. Failure to overlap these experiments essential for adequate calibration of degradation in long-
could result in a catastrophic loss of relative precisionterm satellite experiments.
between the first 20 years of the long-term, precision TSI The optimum overlap strategy is the intercompari-
database and that to follow. son of successive, high-precision satellite solar-monitoring
experiments at a precision level defined by their opera-
tion in the space-flight environment. A backup overlap
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strategy would involve intercomparisons by a “third party” ate to the “mission-of-opportunity” status are under con-
flight experiment, such as another satellite experiment orsideration. The basic philosophy of both is the use of
the shuttle-based TSI experiments that have madenexpensive instrumentation made from commercial parts.
intercomparisons with two successive but non-overlap-The required five-year EOS data-segment lifetime reli-
ping satellite solar monitors. ability is achieved through the deployment of redundant

The “overlap strategy” was to have begun with the instruments. The new, compact form of the ACRIM sen-
in-flight comparison of the SMM/ACRIM | and UARS/ sor assembly can be mated with small-satellite technology
ACRIM Il experiments. Unfortunately, the SMM mission to construct a dedicated ACRIM satellite, or flown as sec-
ended in late 1989, two years before the UARS could beondary payloads on other satellites of opportunity using
launched. The relationship between the ACRIM | and derated versions of compact, flight-proven gimbals for
ACRIM Il experiments has instead been established ussolar pointing.
ing a “third party” overlap strategy based on the results The ACRIM implementation plan involves the ini-
of mutual comparisons of ACRIM | and ACRIM Il with  tial launch of two ACRIM instruments as secondary
the less precise, but long-lived, Nimbus 7/ERB and ERBSpayloads. Following intercomparisons on orbit, one will
experiments. The results are shown in Table 2.1. The rabe used as the primary TSI monitor and the second held
tio of ACRIM | to ACRIM Il is 1.002069 with linear in reserve. Upon failure of the primary instrument, the
detrending of the slowly-degrading Nimbus7/ERB results. reserve will assume that role, and another ACRIM will
The Nimbus7/ERB experiment does not have a degradabe deployed at the earliest opportunity to replace the re-
tion calibration capability, and linear detrending can only serve function. The first two ACRIMs can be on orbit
approximate the effects of degradation on the compari-within 24 months of project startup, enhancing the possi-
son results. The uncertainties of the results in Table 2.bility of implementing the overlap strategy with the
therefore include some systematic errors and, as such, repJARS/ACRIM Il experiment during its extended mis-
resent an upper limit for the backup overlap strategy. Thesion and the SOHO/VIRGO experiment prior to the end
statistical uncertainty of 10 ppm demonstrates the abilityof its two-year minimum mission. The series of ACRIMs
of the “overlap strategy” to produce high precision even proposed would provide overlapping satellite TSI obser-
when the comparison experiments are not optimized forvations throughout the EOS mission.
the purpose.

The overlap strategy employing flight-tested am- 2.2.2 Role of radiation fluxes in the climate system
bient temperature TSI radiometers is the only approachThe climate system is a heat engine that is driven by the
currently available capable of sustaining the long-termspatial and temporal displacement of the entry and exit of
climate TSI database with the precision required. A sen-broadband radiant energy. A net flow of radiant energy at
sibly conservative overlap requires launch of an EOS/the top of the atmosphere enters the tropics and leaves at
ACRIM experiment at the earliest possible time, now high latitudes. The resulting equator-to-pole heating gra-
1999, which will be in the eighth year of the UARS/ dient drives the circulations of the atmosphere and ocean.
ACRIM Il experiment and near the end of SOHO/ The largest fraction of radiant energy entering the climate
VIRGO's third year. system is absorbed at the surface in the form of solar ra-

The EOS/ACRIM experiment uses the ACRIM diation, but leaves from the atmosphere in the form of
technology flown successfully on NASA's SMM, UARS, thermal infrared emission. This radiative heating below
Spacelab 1, and ATLAS missions. Two approaches to theand cooling above drives the convective activity of the
EOS implementation of ACRIM observations appropri- troposphere, resulting in abundant rainfall and cleansing

TaBLE 2.1
Dy PoLynomiaL FiT RATIO STANDARD ERROR
(DEGREE) ACRIM I/ACRIM 11 (PPMm)*
Original Data 0 1.001890 13
Detrended Data 1 1.002069 10

* 1 sigma error

Ratio of SMM/ACRIM | and UARS/ACRIM Il results constructed using mutual intercomparisons with the Nimbus7/ERB
experiment. Demonstration of the backup capability of the overlap strategy for preserving the precision of the total solar
irradiance database.
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of the atmosphere. The general circulation and the hydro4) modeling and analysis within Interdisciplinary Science
logical cycle are maintained in their current states partly  (IDS) investigations to provide scientific guidance for
by the requirements of thermodynamic balance, whereby the prioritization of remote sensing, apply EOS satel-
they transport and store heat, transporting energy from lite products to critical science questions, and apply
the point of absorption to the point of emission to space. ancillary data to improve the accuracy of EOS remote
The main processes for cycling energy by radiation, wind,  sensing and supply additional observables; and
and latent heating interact on a wide range of scales, from
boundary-layer turbulence with scales of less than a meteb) a readily-accessible EOS Data and Information Sys-
to the large-scale components of atmospheric circulation tem (EOSDIS) for producing and distributing EOS
with dimensions of 10meters. data, precursor satellite data sets, and critical aircraft
Radiation is the primary forcing of climate change; and in situ data.
anthropogenic radiative forcing by changes in trace gases,
aerosols, and surface optical properties is on the scale &#.2.2.1 Atmospheric and surface radiative fluxes and
decades; astronomical radiative forcing (Milankovitch heating
orbital variations) is on the slower scale of the ice ages Advances in thermodynamics, electromagnetic theory, and
Radiation is important for climate feedback. It is widely physical chemistry permitted Arrenhius (1896) to predict
acknowledged that uncertainties in the radiative feedbacka global warming associated with increasing concentra-
to climate by clouds pose the most formidable obstacle taions of CQ, because increased carbon dioxide would
climate prediction by general circulation models (GCMs). inhibit the upward radiative transfer of energy from the
The strong coupling of radiative and hydrological pro- surface to space. Modern climate models have consistently
cesses and the general importance of this coupling inndicated that C@and other anthropogenic trace gases
environmental prediction has led to development of thewill change the vertical distribution of radiative fluxes in
complex Global Energy and Water Cycle Experiment the atmospheric column so as to warm the troposphere
(GEWEX) by the World Climate Research Program. The and cool the stratosphere. These global model results are
GEWEX Radiation Panel oversees a wide range of interconsistent with those of one-dimensional radiative-con-
national activities involving satellite and surface vective (RC) models, which demonstrate the large
measurements and modeling. radiative forcing of the climate system by clouds and trace
Pre-EOS satellite sensors have observed radiatioyases (Manabe and Wetherald 1967). Sellers (1969) and
in various narrow bands for remote-sensing applicationsBudyko (1969) devised other simple climate models that
and in the broadband shortwave (SW, solar wavelengthsjocused on surface radiation and quantified a highly sig-
and longwave (LW, thermal infrared) to monitor the ERB nificant ice-albedo feedback mechanism. The potential
at the top of the atmosphere (TOA). The newer EOS sensignificance of cloud-climate feedback was found to be
sors have more spectral coverage, a larger number ofery large in other low-order model studies (Paltridge
independent channels, and greater calibration accuracyl980; Charlock 1981, 1982; Wang et al. 1981), and it re-
Further advances in our understanding of the role of raimains such in state-of-the-art global climate models
diative fluxes in climate can be expected from EOS (GCMs) (e.g., Mitchell 1993a, b). The climate response
implementation through: to a given radiative forcing is still not reliably predictable
because GCMs, which do not convincingly simulate
1) simultaneous measurement of different quantities byclouds (Rossow et al. 1991) and their relation to TOA
multiple instruments to provide a more-complete pic- radiation (Barkstrom et al. 1989), are sensitive to uncer-
ture of the Earth system and facilitate a tain radiative feedbacks, especially due to clouds (Cess
more-comprehensive understanding; et al. 1991). There have been fairly good simulations of
transient temperature variations due to the radiative forc-
2) synergistic integration of pairs of instruments to im- ing of the 1991 Pinatubo volcanic eruption (Hansen et al.
prove the accuracy of the retrieval for individual 1994) and even to the 1963 Agung eruption. However,
parameters; see Hansen et al. (1978), and see also Chapter 8.
The simulation of the atmospheric circulation and
3) commitment to a 15-year time series of observations climate requires an adequate vertical profile of diabatic
which is long enough to resolve some modes of natu-heating (e.g., Hartmann et al. 1984), including radiation
ral interannual variability; and latent heating. Surface fluxes are important for stud-
ies of ocean circulation and heat transport (e.g., Liu et al.
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1994). Table 2.2 shows annually-averaged Earth Radiadownwelling solar radiation at the tropical surface under
tion Budget Experiment (ERBE) results (Harrison et al. clear skies is shown for a solar zenith angle of 60°. Solar
1990) for TOA SW and LW radiation and present esti- energy at wavelengths below 0.5 mm is strongly absorbed
mates for surface radiation (Gupta et al. 1995) based oty O; and scattered by all molecules. The attenuation in
International Satellite Cloud Climatology Project (ISCCP) Figure 2.3 between 0.5 and 0.8 mm is mostly due to scat-
data. Confidence in the TOA results is tempered by thetering, though there is some absorption hya®d HO.

~5 W2 discrepancy between the SW and LW results in Absorption by HO dominates the attenuation above 0.8
Table 2.2; this may be due to ERBE angular modelingmm, and CQ@also absorbs above 2.5 mm.

(Green and Hinton 1996). The surface radiative fluxes in The two principal contributions that EOS can make
Table 2.2 have errors that are probably larger than then the area of absorption and emission by atmospheric
errors at the TOA (see also Kiehl and Trenberth 1997). gases are:

2.2.2.2 Absorption, scattering, and emission by gases 1) production of more-accurate vertical profiles and time
Atmospheric gases have a greater effect on the climate histories of water vapor and other radiatively active
than any other component of the Earth’s climate system. gases; and

It is estimated that absorption of infrared radiation by at-

mospheric gases reduces the escaping longwave radiatid?) validation of the radiative transfer physics for natural
by about 120 W, whereas the reflection of solar radia- and anthropogenic gases.

tion by clouds and the surface each return only about 50

Wm2to space, when globally averaged. Emission and Because of the enormous importance gDHo
absorption of terrestrial thermal infrared energy by vi- both radiative and hydrological processes, it is retrieved
brational and rotational transitions in gases generate théy several EOS sensors, as described in Section 2.2.4.
so-called clear-sky greenhouse effeciOHCO,, and Q The Measurements of Pollution in the Troposphere
are the primary agents, with significant impact by,CH (MOPITT) instrument will provide CHiretrievals on
N,O, and CFCs. In Figure 2.2, the calculated spectral disEOS AM-1. This will be useful for careful budget studies
tributions of downwelling longwave radiation for tropical of the radiative effect of anthropogenic trace gases. After
and subarctic atmospheres under clear skies indicate tw8000, retrievals of the radiatively significant specigs O
distinct wavelength regimes. At wavelengths less than 84,0, CH,, N,O, and CFCs will be made by the High-
mm and greater than 12 mm, the atmosphere is opaqué&esolution Dynamics Limb Sounder (HIRDLS) in the
mostly because of absorption byGHand CQ; so that  upper troposphere and above; these are needed for stud-
the downward longwave radiation follows the blackbody ies of the secular trend in radiation near the tropopause
emission curve for a temperature close to that of the surand for the stratospheric radiation budget. The Microwave
face. Strongly-absorbed thermal wavelengths are usefuLimb Sounder (MLS) will also measure®, O;, and NO

for satellite sounding at altitudes well above the surface.in the upper troposphere and is unique in providing data
Electronic transitions of gaseous molecules induce conwhich are not degraded by cirrus. The Tropospheric Emis-
siderable absorption of the incoming solar energy, mostsion Spectrometer (TES) will cover most infrared active
of the atmospheric absorption in Table 2.2, for example.species from the surface to the lower stratosphere.

In Figure 2.3, the calculated spectral distribution of

TaBLE 2.2
SHORTWAVE L onGwave NET
Incoming TOA Flux 341
Absorbed TOA Flux 239 TOA OLR 235 Net TOA +4*
Surface Insolation 184 Surface Downward 348
Surface Absorbed 160 Surface Cooling 47 Net Surface +113
Absorbed in Atmosphere 79 Atmosphere Cooling 188 Net Atmosphere  -109

* Net TOA radiation is a measure of ERBE estimate error, and is probably close to zero in reality.

Radiation budget at surface and top of atmosphere (TOA) for February 1985 to January 1989. Units are Wm 2, TOA values
are ERBE estimates, and surface estimates are from surface radiation budget (SRB) calculations (Gupta et al. 1996) .
Atmospheric heating rates are calculated as residuals from the TOA and surface estimates.
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The large spread of broad- Fisure 2.2
band radiative fluxes in the
Intercomparison of Radiative
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2.2.2.3 Absorption, scattering,

and emission from aerosols optical impact (Penner et al. 1994). Natural and anthro-
Aerosols have both direct and indirect radiative effectspogenic biomass burning produces huge quantities of
on the climate system; both effects constitute the largessmoke and may have a global cooling effect of 0.2 to 2
uncertainties in the anthropogenic radiative forcing of cli- Wm2. The 1994 Intergovernmental Panel on Climate
mate. The direct effect is the scattering and absorption ofChange (IPCC) estimate of the direct radiative forcing of
solar energy by aerosols, which are composed mainly ofinthropogenic aerosols is small but uncertain. This un-
insoluble dust, hydrocarbons, and hydrophilic particles. certainty will remain large until: 1) a more-sophisticated
The direct optical effects are mainly due to aerosols withsurface-based network is in place to monitor the aerosol
radii of a few tenths of a micrometer. The global aerosoland radiative fluxes; and 2) EOS sensors like the Moder-
optical thickness in the LW radiation is quite small, and ate Resolution Imaging Spectroradiometer (MODIS), the
aerosols usually make only a small contribution to the Multi-angle Imaging Spectroradiometer (MISR), the Earth
greenhouse effect. The direct radiative forcing of tropo- Observing Scanning Polarimeter (EOSP), and CERES can
spheric aerosol is highly regional. Anthropogenic sulfate be combined with outputs from such a network to pro-
aerosols mostly scatter SW radiation and cool the climateduce more reliable estimates of the global amount and
the global optical depth of sulfate aerosol is only roughly radiative forcing of aerosols.
inferred from budgets of sulfur gases (e.g., Charlson et Measurements of aerosols and their effects on the
al. 1991). Soot from industrial areas can absorb stronglyclimate system are discussed more fully in Chapter 8 of
and induce heating; however, we lack both accurate budthis Plan, “Volcanoes and the Climate Effects of Aero-
gets for the soot and reliable calculations for its smallsols.”
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2.2.2.4 Absorption, scattering, and emission from cloudsabsorption by clouds, either. EOS will have improved
In terms of the radiative forcing of natural constituents, retrievals of radiatively active constituents (gases,
the effect of clouds on climate is second only to green-aerosols, clouds, surfaces) and TOA fluxes, and it has
house gases, although it has been argued that thexcellent prospects for generating accurate fluxes of
uncertainty in cloud radiative forcing and feedback is surface radiation and usable estimates for vertical profiles
larger than that for greenhouse gases (Cess et al. 19919f radiation, particularly through combined use of satellite
The uncertainty posed by cloud-radiative feedback to cli-and in situ data.

mate has been widely recognized as a key problem in The CERES record of radiation fluxes and cloud
climate prediction. The cloud forcing to climate has beenforcing will surpass ERBE in accuracy and in its ability
observed by ERBE (Ramanathan et al. 1989; Harrison eto accurately estimate the radiative forcing by clouds.
al. 1990) at the TOA. The ISCCP of the World Climate CERES will use multi-angle sampling for its broadband
Research Program (WCRP) (Rossow and Schiffer 1991kcanner and incorporate MODIS-based cloud and surface
has striven to provide estimates of cloud areas, cloud togcene identifications for the development of angular dis-
heights, and cloud visible optical thickness based on anribution models. The development of such angular
analysis of operational narrowband meteorological im- distribution models is needed to accurately measure the
agers. Estimating the radiative effects of clouds andalbedo of the planet. The solar radiance reflected from a
retrieving cloud properties from space both require a de-particular region depends on the angle from which the
tailed understanding of the scattering and absorptiorregion is viewed and the position of the sun. To estimate
properties of clouds. Important problems remain in thealbedo, an angular distribution model is needed to relate
directional scattering of solar radiation by realistic clouds, measurements at particular angles to a total reflected short-
the radiative effects of the

overlap of cloud fragments,

and perhaps even in the basic ~ F'sure 2.3

absorption properties of

cloudy atmospheres. U e L
A debate on the net SW Surface Insolation |
radiation absorbed by the Solar Zenith = 60°
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wave flux integrated over all angles. The present ERBEradiative transfer code. The mean LW cooling rate of the
record reveals a shortcoming in our understanding of di-troposphere is roughly 2 K dayand clouds obviously
rectional reflection of solar radiation in that the estimatedhave an enormous impact in the LW, inducing more cool-
albedo shows a spurious dependence on satellite viewinghg in some regions and significant relative heating in
angle. The directional aspects of cloud radiation will be others. In the left panel of Figure 2.4, it is assumed that
investigated with MISR, which has a higher resolution the ISCCP clouds do not overlap. In the right panel of
than CERES. EOSP will also provide cloud optical thick- Figure 2.4, the cloud forcing difference for the randomly
ness and phase. Cloud particle phase is importanbverlapped minus nonoverlapping clouds is shown; it is
radiatively, for both remote sensing and for the energydramatic and spans roughly a full quarter of the cloud
budget, because liquid water and ice scatter radiation quitéorcing range. Both random overlapping clouds and
differently. MISR retrievals of the absorbing properties nonoverlapping clouds show the same picture to the op-
of aerosol will be needed as inputs to radiative transfererational LW radiometers used by ISCCP. EOS will begin
simulations of cloud SW absorption. An important aspectto resolve the cloud overlap and cloud geometrical thick-
of EOS observations of clouds and radiation fluxes is theness dilemma by using combinations of passive sensors
relatively long, homogenous, 15-18 year record that is itssuch as:
goal. Such a long homogenous record would allow sea-
sonal and interannual variability to be adequately sampled MODIS and Advanced Microwave Scanning Radiom-
and used to understand connections within the climate eter (AMSR-E) sensors over ocean (e.g., MODIS will
system that only appear on longer time scales, such as the sense optically-thick ice clouds, while AMSR-E will
El Nifio-Southern Oscillation (ENSO) and decadal vari-  detect underlying water clouds),
abilities that are known to exist (e.g., Rasmusson and
Wallace 1983; Deser and Blackmon 1993). « MODIS and AIRS longwave sensors (e.g., for opti-
Landsat-based studies have shown that small-scale  cally-thin cirrus over extensive low water clouds), and
cloud structure causes systematic errors in the retrieval
of cloud area with moderate-resolution instruments likes MISR multi-angle stereo views of broken and isolated
Advanced Very High Resolution Radiometer (AVHRR), cloud fields.
Visible and Infrared Scanner (VIRS), and even MODIS
(Wielicki and Parker 1992). The same small-scale struc- Active sensors have the best prospects for deter-
ture influences the broadband TOA albedo of cloudy mining cloud geometry. Unfortunately, the sampling of
regions (Cahalan et al. 1995). Plane parallel radiativethe EOS Geoscience Laser Altimeter System (GLAS) li-
transfer calculations with the “independent pixel” approxi- dar will be limited to nadir. GLAS can determine the
mation show that when a homogeneous cloud field andgeometrical thickness of optically thin clouds. The GLAS
an inhomogeneous cloud field present the same TOA alrecord of cloud top height will be a vital tool for evaluat-
bedo to space, the total atmospheric absorption for théng the accuracy of cloud retrievals from passive sensors.
inhomogeneous field is usually slightly larger. These prob-A complete resolution of the problem posed by Figure
lems will be addressed in detail with EOS AM-1 data, 2.4 may require that a new type of instrument be flown
which will have the high-resolution Advanced Spaceborneon satellites, the Cloud Profiling Radar (CPR), which can
Thermal Emission and Reflection Radiometer (ASTER), detect the vertical distribution of cloud-size particles.
as well as MODIS, MISR, and CERES. The first-genera- More-detailed plans for observing cloud proper-
tion CERES IDS products will test the ability of plane ties are presented in Section 2.2.3.5.
parallel radiative transfer physics and MODIS cloud prop-
erty retrievals to match the observed CERES instrumen.2.2.5 Absorption, scattering, and emission by the
broadband TOA flux. The resolution of some discrepan- Earth’s surface
cies at TOA is expected to require advances in 3-DTable 2.2 shows that the surface absorbs about twice as
radiative transfer modeling and in the retrieval of cloud much solar radiation as does the atmospheric column.
microphysical parameters as well as cloud geometry.  Surface solar absorption is modulated by a surface solar
Cloud vertical structure poses another barrier to albedo that ranges from 0.06 for diffuse radiation striking
the attempt in EOS to retrieve the full vertical profile of the ocean to approximately 0.90 for some of the freshest
radiation within the atmosphere. This is illustrated in Fig- snow. Upward and downward LW fluxes at the surface
ure 2.4 where the cloud forcing to the global atmosphericare larger than any other radiative fluxes in the atmosphere,
LW cooling rate has been calculated with ISCCP cloud, but their sum, the net LW flux, is generally not as large as
temperature, and humidity data, and the Wang et al. (19913urface SW net flux. Retrievals of surface fluxes by the
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ongoing GEWEX Surface Radiation Budget (SRB) by sub-cloud water vapor. The retrieval in EOS of
Project (Whitlock et al. 1995) are probably accurate todownwelling LW over the oceans could be improved with
within 10-20 Wn¥ for a monthly average in the 280  afew ocean-based monitoring stations for SRB and cloud
280-knt equivalent-area grid boxes of ISCCP. base height. If aerosol sun photometers were deployed at
The SRB Project errors for SW and LW over snow the same monitoring stations, EOS could validate retriev-
and ice surfaces and for LW in persistently cloudy re-als of maritime aerosols. A satellite-based cloud radar
gions are larger than those in other regions. Both ERBEwould enable cloud base heights to be determined, which
and ISCCP have difficulty distinguishing between low would greatly improve estimates of net longwave radia-
clouds and a snow-covered surface. Higher accuracy ision at the surface.
needed from EOS to monitor secular trends in snow and The EOS AM-1 platform is well suited to provide
ice albedo associated with global warming and to test thisa more-accurate SRB. The keys to implementation involve
important feedback mechanism in GCMs; Groisman etthe deployment of field measurements before and after
al. (1994) describe a 10% decrease in the coverage daunch and integration of multiple EOS sensors. Present
Northern Hemisphere seasonal snow during the past twsatellite-based retrievals of the SW SRB are limited by
decades. A similar problem is faced over sea ice; moreinadequacies in cloud screening (which will be handled
accurate surface radiation measurements are needed ly MODIS), quantification of aerosol optical properties
develop models and monitor trends. (MODIS for scattering properties and MISR for absorb-
The surface albedo and radiative fluxes over snow-ing and scattering properties), and specification of the
free land are not known to sufficient accuracy, either. directional characteristics of radiation throughout the spec-
Surface optical properties have been adequately detetrum (CERES and MISR). For monitoring secular trends,
mined with localized, in situ measurements in the Firststable and broadband spectral coverage of an ERB sensor
ISLSCP Field Experiment (FIFE) (e.g., Sellers and Hall like CERES is essential. Climate is forced by broadband
1992). The formation of the GEWEX Continental-Scale energy. Imager channels can be expected to change fre-
International Project (GCIP) is partly due to the fact thatquencies with time, so the monitoring of
numerical weather prediction (NWP) is hampered by thespectrally-dependent features like aerosol and surface scat-
limitations of parameterizations for surface hydrology, and tering will not be fully consistent without an integration
one key to the improvement of the Soil-Vegetation-At- over the broadband. The retrieval of global land-surface
mosphere Transfer (SVAT) model or the Simple Biosphereradiation with MODIS, MISR, and CERES will be but-
(SiB) model systems is a more-accurate SRB. Over a typitressed by ASTER, the space-borne “microscope,” and
cal land surface, the surface albedos retrieved by twddy in situ monitoring of surface and atmospheric proper-
satellite systems (using either different instruments or dif-ties. ASTER will permit the reliable identification of a
ferent algorithms) differ by a few percent. A change in small subset of the global surface that is observed twice
land use or crop pattern would also induce a difference ofdaily by MODIS and CERES at coarser resolution.
a few percent; a change in regional climate can be forced The surface information from the Pathfinder land
by perturbing the surface albedo by the same magnitudeprogram will prepare the research community to apply
Until EOS determines the surface albedo of all land sur-EOS data. (The EOS Program Office at NASA Headquar-
faces to greater accuracy, we cannot adequately quantiffers has initiated the Pathfinder data set concept.
the radiative forcing to climate that is associated with Pathfinders provide access to large remote-sensing data
changes in land use. The uncertainty to climate predicsets applicable to global change research prior to the avail-
tion posed by anthropogenic surface albedo forcing isability of data from the EOS satellites. Landsat data, held
anticipated to be regional. This problem will be best treatedprimarily by USGS/EDC, have been analyzed with sup-
in tandem with the related issue of anthropogenic surfaceport from NASA, EPA, and USGS.) The successful
hydrological forcing (i.e., changes in evapotranspiration development of models for biospheric processes is de-
associated with land use; Shuttleworth and Dickinsonpendent on an accurate specification of surface radiation
1989). parameters. Individually, the MODIS, MISR, CERES, and
A more-accurate SRB is also needed for the devel-ASTER algorithms for surface remote sensing are on gen-
opment and validation of ocean modeling, wherein theerally sound footing. The limited prelaunch exercises by
surface energy budget is a key forcing to circulation (seeeach of the instrument teams have not, however, focused
also discussion in Chapter 3). The limiting factor on the on the potential synergism of the instruments. A common
SRB over the oceans provided by EOS will be due tofocus of field programs on a very limited set of sites, pref-
downwelling LW over the extratropics, where erably with continuous monitoring, would foster
downwelling LW from cloud bases is only slightly masked synergism. The same sites could serve for the validation
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of EOS. The most obvious candidate is presently the ARMWhile the OLR calculated with ISCCP is not perfect (note
Southern Great Plains (SGP) site. Atmospheric measure“ings” at the edge of coverage for the geostationary sat-
ment is thorough at the SGP site, especially during theellites used by ISCCP), the satellite clouds produce a
ARM Intensive Observing Periods (IOPs), affording an more-accurate regional OLR than does the GCM. Many
excellent opportunity for space-based surface remote sensther models in the Atmospheric Model Intercomparison
ing. When the atmosphere is well characterized, it can bé>roject (AMIP) (Gates 1993) perform similarly to GEOS,
more reliably “subtracted.” The preparation and valida- when compared with satellite data. It should be noted that
tion of EOS surface products would be advanced with inthe GEOS fields of geopotential height, temperature, and
situ determinations of surface optical properties at thewind compare very well with available observations.
same sites. The in situ measurement of surface opticalherefore, a major challenge for EOS is to make models
properties is the cornerstone of effective cooperation ofassimilate and predict cloud, water vapor, and radiation
EOS radiation programs with ARM and GCIP. Well-de- data as well as they currently do temperature, pressure,
termined surface optics would provide a validation for and wind data.

the EOS remote sensing of the surface; the same surface What about the modeled greenhouse effect inside
optics provide ARM and GCIP with the means to “sub- the atmosphere? Figure 2.6 shows the difference between
tract” the surface and reliably specify the properties ofthe LW heating rates in GEOS and those recalculated us-
the large fraction of the clouds that are optically thin. For ing the ISCCP clouds. To span the differences in the LW
the ASTER archive, a record at the ARM and the Baselineheating rate, scientists have been forced to use a span of
Surface Radiation Network (BSRN) sites is a must. A 3.0 K day* (-1.5 to 1.5). In contrast, the mean LW heat-
desert monitoring site is also suggested because of thig rate (not shown) is approximately 2.0 K dayith a
unique optical properties of arid regions (i.e., nonblack span of 4.0 K day (-4 to 0). The probable error in the
surface LW emissivity); note the large discrepancy in Fig- profile of the atmospheric greenhouse heating rates in the
ure 2.4 between observed and calculated OutgoingsCM has a span of 75% compared with the full range in
Longwave Radiation (OLR) over the Sahara Desert, whichthe natural profile of the atmospheric greenhouse heating

is mostly cloudless. rates. GEOS does not use the Wang et al. (1991) code,
but the differences due to the radiative transfer codes are
2.2.2.6 Radiation in global climate models fairly small. Most of the differences are due to clouds,

The most general goal of the USGCRP is the develop-and they greatly exceed estimates for error in the satellite
ment of global models for climate prediction. EOS will clouds (i.e., nonoverlapping and randomly overlapping
supply the global validation for the models, and theory clouds in Figure 2.4).

indicates that radiation is the most critical component of There is clearly an important task in the applica-
the models and observations. The main radiative uncertion of EOS data to building better radiation simulations
tainties are cloud feedback, water vapor feedback, direcin climate models. In the comparison with the GEOS
and indirect forcing by anthropogenic aerosols, surfacemodel and ERBE, better clouds are needed than in present
albedo feedback over land (snow and vegetation) and seaodels (Figure 2.5 and 2.6). Thought experiments (Fig-
(seaice), and anthropogenic surface albedo forcing (landire 2.4) and comparisons with ERBE (the rings in the
use). Radiation and hydrology are closely linked throughright panel of Figure 2.5) show that the clouds in present
their shared dependence on water and energy cycles. Som8CCP observations need improvement, too. EOS PM-1
of the main issues in the application of EOS to the task ohhas a number of instruments to observe the state vari-
improving the radiation in climate models can be high- ables that generate clouds (AIRS, the Advanced
lighted by comparing a present model to satellite data.Microwave Sounding Unit [AMSU], and the Humidity
Focus will be placed on LW because it is less directionalSounder, Brazil [HSB]), cloud properties (MODIS and
than SW and easier to both observe and calculate. In FigAMSR), and cloud-induced radiation (CERES). Imple-
ure 2.5, the OLR from the GEOS Data Assimilation menting GCM radiation validation with EOS is
System (Schubert et al. 1995; essentially a GCM run withstraightforward: produce quality products from EOS AM-
analyzed meteorological data) is compared with ERBE1 and EOS PM-1, get the data to the Distributed Active
data. The differences are huge, of opposite sign in theArchive Centers (DAACSs), and have the IDS teams lead
tropics and midlatitudes, and due mostly to cloud defi-the way in utilizing the data in climate models. Fostering
ciencies. The right panel of Figure 2.5 compares athe development of better GCM parameterizations for ra-
recalculation of OLR with the Wang et al. (1991) code diation and cloudiness is an important mission of several
using GEOS soundings but with observed ISCCP cloudsEOS IDS investigations.
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2.2.3 Role of convection and clouds in climate about 340 Wn# of incident SW radiation is available from
Clouds have a strong effect on the radiative energy fluxeshe sun. Of this, 30%, or about 100 ¥nis reflected
in the atmosphere. They scatter and absorb solar radiaback to space, so that the climate system accepts 240 Wm
tion, and absorb and emit terrestrial radiation, and thesé from the sun which, under equilibrium conditions, is
effects have a strong influence on the energy balances agqual to the LW emission to space by the climate system.
the TOA, within the atmosphere, and at the surface. InThe influence of clouds on the radiation balance of the
addition, the vertical motions that are associated with Earth was estimated by ERBE (ERBE; Ramanathan et al.
clouds produce important convective transports of energy1989; Harrison et al. 1990). These estimates revealed that
and moisture. The large-scale, mesoscale, and microscalié clouds were suddenly removed, and nothing else
interactions of clouds with the clear environment around changed, the absorbed solar radiation would increase by
them play a critical role in determining both the amount about 50 Wit and the emitted longwave radiation would
of water vapor that is retained in the clear atmospherejncrease by about 30 Winyielding a net positive change
and the amount of precipitation reaching the surface. inthe energy balance of the Earth of about 203{frable

2.3, pg. 59).
2.2.3.1 Cloud effects on the Earth’s energy balance A convenient means of gauging the magnitude of
The Earth’s global radiation budget is illustrated in Fig- a climate forcing such as that associated with the radia-
ure 2.7 (pg. 59). Averaged over the globe and over a yearive effect of clouds is to compare it with the calculated
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effect of a doubling of atmospheric @af the CG con- than the net effect of clouds on the energy balance mea-
centration is instantaneously doubled, emission by thesured at the top of the atmosphere. The convection with
climate system is reduced by roughly 4 Wor about  which clouds are associated is also of first-order impor-
1.7% (Houghton et al. 1990), because of the increasedance in the exchange of heat between the surface and the
greenhouse effect. This 4 Wimadiative imbalance would ~ atmosphere, so that more than radiation is involved in
induce a time-dependent climate change, ultimately re-understanding the role of convection and clouds in the
sulting in a new equilibrium climate. If itis simplistically energy balance at the surface. The detailed physical and
assumed that climate change involves solely temperatureadiative properties of clouds are important, which in turn
changes, then the Earth would warm until radiative bal-are related to the mechanisms that generate them and the
ance is achieved. That is, the LW emission must increasenvironment in which they are found.
from 236 to 240 Wmi, which requires an increase in
emission temperature of 1.2 K, or about 0.4% of its glo-2.2.3.3 Observations of cloud properties
bally-averaged value of 288 K. Current GCMs produce a
greater warming at the surface than this, but estimated.2.3.3.1 Surface observations
warmings vary greatly from model to model, ranging from A nearly-global record of cloud observations by surface
1.7 to 5.4 K (Houghton et al. 1990). This disagreementobservers is available from surface weather observations
stems from the different depictions of climate feedback (Warren et al. 1986, 1988). These data provide a longer
mechanisms in GCMs that can either amplify or moder-record than that available from satellite observations, and
ate the warming. For example, a warmer climate means also provide a wealth of information about the morphol-
warmer troposphere that will contain more water vapor,ogy of cloud systems observed over the Earth. The
which itself is a greenhouse gas. Thus water vapor probottom-up view of surface observers is complementary
vides a positive (amplifying) feedback mechanism. An to the top-down view from satellites. The cloud typing
intercomparison of 19 GCMs (Cess et al. 1990) showedbased on human visual observations of clouds provides
the models to be in remarkable agreement regarding wavaluable information on cloud genesis mechanisms and
ter-vapor feedback, though this does not guarantee thaassociated atmospheric structure. On the other hand, sur-
this assessment of the water-vapor feedback is corrediace observations of clouds do not provide the quantitative
(e.g., Lindzen 1990). information on radiative effects, drop size and phase, and
A common misconception is that because cloudscloud top structure that are recoverable from satellite-
cool the present climate, they will likewise act to moder- based observations.
ate global warming. Itis, however, the change in net cloud Long records of surface observations of clouds
radiative forcing associated with a change in climate thatshow trends that may be related to corresponding decadal
governs cloud feedback. Cess et al. (1990) have showrhanges in sea surface temperature (SST). Long records
that calculations of this cloud feedback vary widely from of cloud observations can also be used in conjunction with
one global climate model to another, and that this feed-upper-air observations from balloons to investigate the
back explains a substantial fraction of the variance inrelationship of particular cloud types to atmospheric struc-
climate sensitivity in a sample of 19 global climate mod- ture (e.g., Klein and Hartmann 1993b, Klein et al. 1995).
els. Figure 2.8 (pg. 60) shows the trend in SST and low ma-
rine cloud amount for the period between 1952 and 1981
2.2.3.2 Cloud effects on the surface energy balance  as determined from surface observations (Norris and
Since the clear atmosphere absorbs much of the same fréeovy 1994). Significant decadal trends over the oceans
guencies of solar radiation that are absorbed by cloudsare observed in both SST and marine cloudiness. To evalu-
the effect of clouds is a redistribution of solar heating in ate the importance of such trends for climate requires
the atmosphere and, through the scattering of radiatiordetailed observations of cloud optical properties such as
by clouds, a reduction in absorbed solar radiation at thewill be made available by EOS. To observe decadal
surface. Because the atmosphere is fairly opaque to terchanges such as these, an initial observing period of 15-
restrial radiation, the reduction of emitted longwave 18 years has been planned for EOS.
radiation caused by clouds is felt mostly as reduced cool- Observations of clouds by surface remote sensing
ing of the atmosphere, except at high latitudes or altitudesand aircraft instrumentation are necessary to investigate
where the water vapor content of the atmosphere is smalinesoscale and microscale aspects of cloud development
Therefore clouds represent a redistribution of energy be-and interaction with the large-scale environment.
tween the surface and the atmosphere that may be larger
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2.2.3.3.2 Satellite observations FIGURE 2.7
Satellites provide a means of developing
global observations of cloud amounts and Reflected SW
properties. The ISCCP attempts to take ad- =100 Wm?

vantage of the visible and infrared
mformauqn ava|lable_from operational me- Incident SW Emitted LW
te_orologlcal sat_elhtes _to construct a = 340 Wm=2 = 240 Wm-2
climatology and time series of the abun-
dance of clouds with optical depth and cloud X
top pressures paired into 35 categories, in Climate
three-hour intervals of time. These data are System
extremely valuable in characterizing global

cloud coverage and type in a variety of other
studies.

The greater spatial and spectral
resolution from visible and infrared imagers
that are part of the EOS program will allow
clouds to be characterized from space more If climate change constituted only temperature change, the Earth
accurately and in greater detail. A key | would warm by 1.2 K to restore the 240 Wm emission.
instrument in this regard is MODIS. MODIS
offers Spatial resolution as fine as 250 METErs schematic illustration of the Earth's radiative energy balance and how a doubling of
from some channels, which will reduce atmospheric carbon dioxide would perturb that balance (Wielicki et al. 1995. Repro-
errors associated with partially—filled fields duced with permission from the American Meteorological Society)
of view. MODIS will provide more-
accurate, better-calibrated retrievals for cloud area, heightEOS observations will be incorporated in the validation
and optical thickness, and will further retrieve cloud and testing of numerical models that simulate clouds. A
particle size and phase, and estimate the cloud geometricaubstantial amount of work will be done within EOS IDS
thickness (especially when combined with AMSR-E). investigations, but the EOS data will be useful to the en-
MISR and EOSP will also contribute new information on tire climate and cloud modeling community. Because of
cloud phase and particle size spectra. Distinguishingthe large difference between the scales of individual cloud
between cloud particle size and water amountsystems and the size of the Earth, cloud modeling is cur-
contributions to cloud albedo is critical to monitoring and rently conducted on three scales. The first scale is that of
understanding key cloud forcing and feedback processeghe global climate model. While the whole planet is in-
The improvement in cloud sensing by EOS will be aided cluded, as it must be in a climate simulation and prediction,
by the more-accurate EOS soundings of temperature anend the model may be integrated for 100 years or more,

Absorbed SW
=240 Wm™

Instantaneous CO, Doubling: Emitted LW=236 Wm2

humidity from AIRS/AMSU/HSB. the grid points used to represent the climate are separated
by a horizontal distance of about 100 km, and cloud pro-
2.2.3.4 Modeling of clouds in the climate system cesses must be represented implicitly through a so-called

The representation of clouds in climate models in a man-‘parameterization.” Cloud parameterizations in global
ner that accurately expresses their effect on climate andnodels can be validated in two ways. In climate models
climate sensitivity is a critical goal of EOS. To this end the seasonal means and other statistics of cloud proper-

TaBLE 2.3
AVERAGE Croup-FRee CLouDp RADIATIVE
CoNDITIONS CONDITIONS ForciNnG
OLR 235 266 31
Absorbed Solar 239 288 -49
Net Radiation 4 22 -18

Global-annual-average conditions of top-of-atmosphere fluxes for average conditions, for clear-sky conditions, and cloud
radiative forcing estimated from ERBE  (Harrison et al. 1992) . Units are Wm -2,



60 EOS ScieNnce PLaN - CHAPTER 2

ties can be verified against similar statistics derived fromclimatological comparisons. When EOS observations are
observations. In weather forecast models, the day-to-dagoupled with in situ and ground-based observations and a
evolution of cloud properties can be verified against in- rigorous program of numerical experimentation, the ob-
stantaneous observations. Both methods are useful anslervations will offer the promise of a qualitative
give different insights into the quality of the model simu- enhancement of our confidence in our ability to predict
lation of clouds and water vapor. If a regional mesoscalethe role of clouds in global climate change, and thereby a
model that represents only a part of the Earth is usediefinement in our ability to predict future climate changes
current computer technology will allow increasing the in response to natural and human influences. Numerical
spatial resolution by a factor of 10 to about 10 km, butweather forecasting and seasonal and interannual fore-
such models are normally run for no longer than a fewcasting will also benefit from this program of observation
weeks. A regional model can represent the mesoscale cimand research.

culations that often develop in association with cloud

systems, but the cloud-scale processes must still be p&-2.3.4.1 Global climate models—cloud parameterization and role
rameterized. A cloud-resolving model requires a horizontal in sensitivity

grid spacing of about 1 km or less, and only a small geo-The history of prevailing opinion about the sensitivity of
graphical region, perhaps incorporating only a singlethe Earth’s climate to external perturbations roughly par-
cloud, can be simulated with current computers. To makeallels that of developments in the parameterization of
progress on the cloud problem, EOS investigations will clouds in global climate models. The earliest GCMs as-
pursue cloud modeling in each of these three categoriessumed a fixed distribution of clouds and predicted modest
global, regional, and cloud-resolving models (Figure 2.9). equilibrium climate sensitivity. The advent of GCM cloud
EOS observations will provide data for validation on all parameterizations resulted in generally higher estimates
of these horizontal scales, and for both instantaneous andf sensitivity (Hansen et al. 1984; Washington and Meehl

Ficure 2.8

Stratus Trend (1952-1981)
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Trends in SST and marine cloudiness  (Adapted from Norris and Leovy 1994) .
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1984; Wetherald and Manabe 1986; Wilson and Mitchell range of GCM estimates of equilibrium climate sensitiv-
1987) for several reasons. ity to a doubling of carbon dioxide (1.7-5.4 K). A critical

The most surprising result from these and later goal of EOS is to incorporate more-detailed global obser-
GCMs is the tendency of cloud cover to decrease withvations of cloud liquid water and ice contents, cloud par-
warming, especially low and middle clouds. To date, noticle size, and the spatial and temporal distribution of cloud
theoretical basis for predicting the sign of cloud-cover into a better understanding of how these properties de-
feedback has emerged. This cloud-cover decrease, conpend on the climate, and to translate this into better mod-
bined with the better-understood tendency of cloud heightels for climate predictions on a variety of time scales from
(and thus greenhouse effect) to increase with warmingweather forecasting to decadal climate change.
caused the majority of GCMs from this period to predict Climate sensitivity and cloud feedback depend on
net positive cloud feedback. Early parameterizations prethe nature of the climate change experiment that is per-
scribed cloud optical properties, typically assuming de-formed. Prescribed uniform SST changes are a simple,
creasing albedo or optical thickness with increasinginexpensive test of sensitivity (Cess et al. 1990). Recent
altitude. Increased cloud height then implies that columnintercomparisons of such experiments involving many
optical thickness decreases with warming, thus produc-GCMs indicate a significant convergence of results im-
ing large positive cloud feedback.

Radiative-convective models
(Somerville and Remer 1984), based on
observations of increasing cloud liquid
water with temperature (Feigelson 1978),
suggested that climate sensitivity might be
halved if cloud optical thickness variations Regional Mesoscale models: 10-km resolution,
were taken into account. This has been 10-day integrations
incorporated diagnostically in some
GCMs via a calculation of the adiabatic
water content of a lifted cloud (Betts and Cloud Seale models:
Hars_hvardhan 1987) or the condgnsatlon S el
required to remove supersaturation. An 1-day integrations
assumption about cloud particle effective
radius is also needed. Since the albedo ef-
fect dominates the greenhouse effect of
clouds globally, such models tend to pro-
duce negative cloud optics feedback and
thus reduced SenSitiVity (wa GCMs de- Schematic diagram of the three types of models, including clouds.
scribed in Appendices A and B of Cess et
al. 1990).

The recent trend in GCMs has been to include cloudplying small cloud feedback (Cess et al. 1996). But these
water as a prognostic variable, permitting fully interac- simulations are not representative of an actual climate
tive optical thickness calculations (Sundqvist 1978; change, in which SST gradients can change because of
Roeckner et al. 1987; Smith 1990; LeTreut and Li 1991;regionally-varying climate forcing, changes in ocean cir-
Tiedtke 1993; Fowler et al. 1996; Del Genio et al. 1996). culation, etc. The same model can produce either small
This requires parameterization of a variety of poorly un- negative or large positive cloud feedbacks depending on
derstood microphysical and small-scale dynamical pro-the presence or absence of changes in SST gradients, be-
cesses (e.g., autoconversion, accretion, evaporatiorcause feedbacks are inherently regional and interactions
Bergeron-Findeisen growth, cumulus detrainment, cloudwith the dynamics affect climatic changes in cloud prop-
top entrainment instability). Depending on how these de-erties (Senior and Mitchell 1993; Del Genio et al. 1996).
tails are represented, GCMs with prognostic Prognostic cloud parameterizations are of most
parameterizations can produce either positive or negativénterest to EOS, since they are laboratories for assessing
cloud optics feedback. Uncertainties in the details of prog-which uncertain aspects of clouds should be focused on
nostic schemes, combined with the fact that some GCMgy future observational programs. Among the first-order
still prescribe optical properties or diagnose their tem-questions faced by climate modelers are: What controls
perature dependence, largely explain the persistent wid¢he detrainment of ice from cumulus updrafts into

Ficure 2.9

Global GCMs: 100-km resolution, 100-year integrations
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mesoscale cirrus anvil clouds, and thus determines theiBubtropical marine stratus and trade cumulus clouds are
shortwave reflectance? What causes the transition fronimportant to climate models not only as a source of cloud
nearly overcast marine stratus to scattered trade cumuluieedback but also as a key deficiency that causes climate
off the west coasts of continents in the subtropics, and igrift in coupled ocean-atmosphere GCMs. A central ques-
this indicative of a climate feedback mechanism? Whytion about these clouds is the reality of the ISCCP finding
do satellite data suggest that low clouds generally gethat the optical thickness of low clouds over ocean tends
optically thinner with increasing temperature (Tselioudis to decrease with temperature (Tselioudis et al. 1992). MO-
et al. 1992)? Why do GCMs characteristically DIS, with better than an order-of-magnitude higher
underpredict cloud forcing in the midlatitude storm tracks, resolution than ISCCP, should determine whether subpixel
thus compromising simulations of ocean heat transporicloudiness variations contribute at all to this result. AMSR-
(Gleckler et al. 1995)? What role do cloud interactions E LWP data will provide corroborating information on
with sea ice play in determining the degree of polarlarger spatial scales.
amplification of climate warming? How large are the A related question for GCMs is how to translate
indirect effects of changes in tropospheric aerosols ongrid-scale predicted cloud water content into cloud al-
cloud properties? How can small-scale cloud bedo, given small-scale inhomogeneities. The 250-m
inhomogeneities be accounted for in relating grid-scaleresolution of MODIS is sufficient to capture the most
cloud water path to cloud albedo and emissivity? Howimportant scales of inhomogeneity (cf., Wielicki and
can cloud cover be parameterized as a function of gridParker 1992), permitting optical thickness probability
scale climate parameters? density functions to be characterized for different cloud
The cloud type that appears to exert the greatestypes. This combined with MODIS particle-size estimates
effect on climate sensitivity in state-of-the-art GCMs is will help define parameterizations for albedo as a func-
the tropical mesoscale anvil cloud that accompanies cution of LWP.
mulus convection (Heymsfield and Donner 1990; Del Another particle-size issue is the poorly-defined
Genio et al. 1996). The central question is how to repredindirect effects of aerosols on clouds, both the radiative
sent the detrainment of ice from cumulus updrafts intoeffect of smaller droplets and the suppression of drizzle
anvil clouds. EOS observations can contribute to the an{Charlson et al. 1992). EOSP and MISR will define the
swer in two ways: tropospheric aerosol distribution, which can be combined
with MODIS optical thickness and particle size to isolate
1) By characterizing the microphysical and radiative the indirect radiative effect. In principle, AMSR can
properties of anvil clouds. CERES will provide the complement this by measuring drizzle rates for stratus,
net radiative effect of anvils at the TOA. The liquid but current microwave algorithms are insensitive to light
water path (LWP) of these clouds can be estimated byprecipitation.
AMSR. Anvils are thought to be largely ice though, A key decision in GCMs is when to form liquid
S0 microwave techniques for estimating ice water pathwater vs. ice. Phase information is currently lacking on a
from scattering at high frequencies must be pursuedglobal scale; field studies suggest that it is not simply tem-
as a high priority by EOS. The scattering properties ofperature-dependent, but may be sensitive to cloud
ice clouds are not yet well defined; MISR will help dynamics, age, etc. The altitude of transition from liquid
constrain the phase function for anvil clouds while to ice affects cloud feedback because of the different mi-
MODIS will estimate particle sizes and optical thick- crophysical characteristics of liquid and ice (cf., Mitchell
nesses. The same instruments will characterize theset al. 1989; Li and LeTreut 1992) and the unique physics
properties for the more ubiquitous and poorly under- of the mixed-phase region (Del Genio et al. 1996). EOSP
stood thin cirrus that exist at all latitudes. Stratiform is sensitive to cloud-top phase because of the different
precipitation, the major water sink for anvils, will be angular distributions of polarization of liquid and ice par-
measured by AMSR-E as well. ticles. MODIS can also discriminate phase via the different
spectral dependences of liquid and ice absorption.
2) By relating anvil properties to convection strength. Di-
rect measurements of vertical velocities are not2.2.3.4.2 Regional mesoscale modeling of clouds
possible, but the Lightning Imaging Sensor (LIS) light- Many atmospheric circulations are organized on the me-
ning occurrence measurements will serve as an indexsoscale, which is defined as encompassing horizontal
of convection intensity, while AIRS temperature and length scales of 20-200 km (Fujita 1984). An example of
moisture profiles will yield estimates of convective paramount importance for climate is mesoscale convec-
available potential energy. tive systems, which dominate weather over most of the
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tropics and the summertime midwestern United States, Mesoscale models have very successfully simu-
throwing out cirrus anvils whose feedback on climate haslated a variety of complex weather phenomena, including
been a subject of intense controversy (e.g., Ramanatharapidly-deepening midlatitude cyclones, squall lines and
and Collins 1991; Wallace 1992; Fu et al. 1992; Hartmanntheir interaction with fronts, hurricanes, topographic dam-
and Michelsen 1993; Lau et al. 1994). Severe midlatitudeming, and trapped waves on inversions. Many of these
cyclones, hurricanes, orographically-forced flow, fronts, phenomena depend on cloud processes, especially deep
and thermally-forced flows such as land/sea breezes areonvection. The feedbacks can be quite subtle. Braun and
other examples of mesoscale organization. These circuHouze (1994) showed that improvements in the ice-phys-
lations produce distinctive cloud features on theics parameterization of the MM5 made a substantial
mesoscale. Ubiquitous cloud types such as boundary-layemprovement to the longevity of a simulated squall line
stratocumulus and midlatitude cirrus clouds also showand completely changed its feedback on the large scale.
strong mesoscale patterning that affects the mean radia=hanges in the choice of cumulus parameterization can
tive impact of the cloud. Understanding the feedbackssuppress the development of a hurricane. However, few
between clouds, the associated mesoscale circulation pastudies have focused on applying MMs to the radiative
terns, and climate is a particularly challenging, important,impact of clouds or to the forecasting of cloud properties.
and poorly-understood problem because of the range ofn the coming decade, we foresee an exciting opportunity
length scales involved. Typically, processes inside thefor using MMs to apply knowledge gained from small-
cloud involve circulations 1 km or less in size, and the scale models and observations of clouds to understand
mesoscale circulations evolve as part of atmospheric flonthe climatically-important feedbacks between clouds and
patterns thousands of kilometers across. Thus, our undethe larger-scale circulation systems in which they are
standing of those aspects of the feedback between cloudsmbedded.
and climate that are modulated by mesoscale processes is The increased use of MMs has particular promise
particularly rudimentary. in the following four areas:

In the past decade, mesoscale models (MMs) have
become a powerful tool for understanding and forecast-1) Tropical convection
ing mesoscale atmospheric circulations. Examples of MMs have been successfully used to study severe
MMs widely used in this country include the National midlatitude organized convection, which generally takes
Center for Atmospheric Research (NCAR)/Pennsylvaniaplace in a highly conditionally-unstable environment in
State University (PSU) mesoscale model or MM5 (Grell which a synoptic-scale weather system acts as a trigger
et al. 1993) and the Colorado State University Regionalto locally initiate convection. However, MMs have only
Atmospheric Modeling System (RAMS). An MM is typi-  just begun to be applied to the enormous regions of con-
cally used to simulate a region 1000 km or more on a sidevection over the tropical west Pacific, over the ITCZs,
with a horizontal resolution of 5-40 km and a vertical reso-and the monsoonal convection over the tropical land
lution of 1 km or less, and is typically used for time masses, even though this convection is predominantly
intervals of 24-72 hours. Usually, the boundary condi- organized on the mesoscale. Recent work done within an
tions for a simulation are taken from analyses generatedOS IDS investigation has shown that the MM5 can simu-
by a larger-scale numerical model. Often, grid nesting islate many important mesoscale features of tropical
used to increase resolution in regions of particular inter-convection observed in the Tropical Ocean Global Atmo-
est or flow complexity. A mesoscale model typically sphere (TOGA)/Coupled Ocean-Atmosphere Response
includes a parameterization for cumulus convection. OtheiExperiment (COARE) experiment, such as the develop-
model physics may vary greatly in complexity depend- ment of boundary-layer cold pools driven by convective
ing on the model and the problem being investigated. Foidowndrafts, the triggering of new convection at cold pool
simulations of organized cumulus convection, modelsedges, and the degree of the localization of convection
such as the MM5 and RAMS include cloud water and iceover the warmest water (Chen 1996). In the future, the
physics parameterizations similar to cumulus ensembleoptical properties of the modeled cirrus anvils will be
models (see below). A typical MM includes terrain-fol- compared with observations. MMs could be used in the
lowing coordinates and sophisticated land and ocearfuture for climate-sensitivity studies, similar to cumulus
surface parameterizations. Recent MMs areensemble models (CEMs) but using a larger domain, and
nonhydrostatic and allow the user to embed a small refor simulations of other parts of the tropics, such as the
gion of particularly-fine mesh refinement as a cloud East Pacific and Central America, in which mesoscale
ensemble model.
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variability of convection can interact with mesoscale vari- tions (and with mesoscale simulations of boundary-layer

ability of surface characteristics and topography. cloud in general) is the need to start with cloud in the
initial conditions to achieve a realistic forecast, because
2) Cirrus cloud evolution cloud-topped boundary layers are typically strongly forced

Cirrus cloud has a crucial radiative impact on the by cloud-top longwave radiative cooling (Lilly 1968).
atmosphere, but it is perhaps the most difficult to modelHowever, as representations of the interactions between
of all cloud types because it is very thin, its modeling is boundary cloud, turbulence, and radiation in MMs im-
dependent on microphysical assumptions such as ice crygprove, they should provide increased insight into both the
tal size distribution, and because it is patchy, both due taveather and climate of coastal zones.
the internal convective circulations that cause the cirrus While mesoscale models have achieved popular-
fallstreaks often seen on a summer day (Houze 1993) andly as a tool for understanding severe weather events,
due to the large-scale circulations that maintain cirruswhich often involve clouds and convection, their poten-
cloud. As part of NASA's First ISCCP Regional Experi- tial for understanding cloud-climate feedbacks still
ment (FIRE) program, Cotton and coworkers (DeMott et remains largely untapped. Aggressive pursuit of the above
al 1994; Harrington et al. 1995) have begun to forecastfour areas should go a long way toward both using this
midlatitude cirrus cloud using the RAMS mesoscale potential and improving forecasts by better representa-
model coupled to a sophisticated parameterization of cirtion of cloud processes in mesoscale models. Such studies
rus microphysics, with moderate success. The evolutiorare being conducted with several EOS IDS investigations.
of tropical cirrus clouds, which start as anvils from Me- The higher spatial resolution, new cloud variables, and
soscale Convective Systems (MCS), is of paramountgreater accuracy of EOS cloud observations will enable
importance to tropical-cloud climate interactions, but so better validation of regional cloud simulations.
far has not been investigated with an MM (DeMott et al.

1994; Harrington et al 1995). 2.2.3.4.3 Cloud-scale models
An important class of models that may emerge as a pow-
3) Midlatitude cyclonic cloud systems erful tool for studies of the role of clouds on climate are

Persistent boundary-layer cloud over the summer-the cloud-resolving models (also known as cumulus en-
time midlatitude oceans produces by far the strongest nesemble models [CEMs]). In CEMs cloud-scale dynamics
cloud radiative forcing of any cloud type (e.g., Hartmann are resolved based on nonhydrostatic governing equations.
et al. 1992; Klein and Hartmann 1993b). However, both Subgrid-scale turbulence is included using higher-order
our observational and theoretical understanding of thisclosure schemes and latent heating is explicitly computed,;
cloud is rudimentary compared to subtropical stratocu-therefore, no cumulus parameterization is required. In ad-
mulus cloud, which forms over cold upwelled water off dition, the budgets of all three phases of water are
the west coast of the major continents. The subtropicakxplicitly computed by parameterized cloud microphys-
cloud forms in a relatively synoptically-steady regime of ics. For example, the Goddard cumulus ensemble model
equatorward winds blowing from cold to warm water, in (CEM) includes a parameterized Kessler-type-two-cat-
a region of strong mean subsidence. The midlatitude cloucgcgory scheme for cloud water and rain, and a
forms in a much more synoptically-variable regime, mak- three-category ice scheme for cloud ice, snow, and hail/
ing it much harder to interpret the observations. Mesoscalgraupel (cf., Tao and Soong 1986; Tao and Simpson 1993).
modeling of the boundary-layer evolution induced by The Goddard CEM also includes detailed shortwave and
passing synoptic-scale systems could help gain more ininfrared radiation (cf., Chou 1991). CEMs have been used

sight into how this cloud is maintained. to study the mechanisms of cloud generation, microphysi-
cal processes in clouds, interactions and merging of cloud
4) Boundary-layer fog and cloud prediction clusters, cloud-environment interactions and trace gas

In coastal locations such as San Francisco or Logransport (Krueger 1988; Xu and Krueger 1991; Lipps
Angeles, the summertime weather is highly dependent orand Hemler 1986). They have been used widely in simu-
the inland penetration of air and cloud from the marinelations of convective processes in conjunction with major
boundary layer. There is a strong diurnal cycle of cloudfield experiments, i.e., PRE-STORM, EMEX, MONEX,
caused mainly by the strong daytime heating; the albeddAMEX, and TOGA/COARE. Another very important
of the cloud affects this heating cycle so that the cloudsapplication of CEMs is in the development of hybrid sat-
and circulations are strongly coupled. Ballard et al. (1991)ellite retrieval algorithms for clouds, water vapor,
used an MM for forecasting cloud and visibility on and precipitation, and related dynamical quantities such as the
near the coast of Scotland. A difficulty with such simula- vertical profile of latent heating. For example, the Goddard
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CEM is the centerpiece of the rainfall and latent heatingnecessary calculation. However, the numerical treatment
profile retrieval algorithm for the Tropical Rainfall Mea- of interactions across the nesting boundaries can be a
suring Mission (TRMM). major problem. The challenge is to include the feedback
A typical CEM has a spatial resolution of 1-3 km from the cloud scale and mesoscale to the global-scale
and variable vertical resolution of 0.2-1 km, with finer climate. Telescoping grids or polar rotations are viable
resolution in the atmospheric boundary layer and coarsealternatives, but these methods are only in early stages of
resolution in the upper troposphere or lower stratospheralevelopment. Undoubtedly, the use of nested models will
above cloud top. Because of the large computational rebe important for understanding scale interaction between
sources required, three-dimensional versions of CEMs ardnydrologic systems and climate.
typically integrated for 24-36 hours over a domain of 500-
km squares. For many applications, such as simulatin®.2.3.5 Observational strategy for radiative fluxes and
line-type convection or organized mesoscale cloud clus- cloud properties
ters, two-dimensional versions of the CEMs with a larger Observations of net radiative energy fluxes at the top of
domain are often used for economy of computation. the atmosphere have proven valuable in understanding
More recently, CEMs have been applied to the the global energy balance, in determining horizontal en-
study of water and energy cycles within tropical clustersergy transport by the ocean, and in defining the role of
and climate cloud-radiative feedback processes (Lau etlouds in the energy balance of the Earth. Despite the sci-
al. 1993; Held et al. 1993). Sui et al. (1993) used theentific consensus that cloud-radiation effects strongly
Goddard cumulus ensemble model to study the water andegulate ocean temperatures and climate, and despite the
energy cycles in tropical convection and their role in the acknowledged inadequacy of current simulations of sur-
climate system. They documented the importance of stratiface radiation by climate models, there currently is very
form clouds in maintaining the moisture content of the little data on the global climatology of surface radiation
tropical atmosphere. They found that the rate of converfluxes. A global surface radiation climatology data set is
sion of ice-phase water into the vapor phase associated requirement for further advances in understanding the
with the dissipation of upper-level cirrus clouds contrib- ocean-atmosphere interactions in the climate system, and
utes to upper-tropospheric moisture about as much a$or development and testing of more-realistic climate
moisture transport from deep convection. In the lower tro-models. Efforts to produce such a climatology from sat-
posphere, the re-evaporation of rainwater and cloud wateellite measurements are now underway (Li and Leighton
are the dominant sources of atmospheric moisture. Thes&993; Darnell et al. 1992; Gupta et al. 1992).
results will have important consequences regarding the If the net radiative energy flux at the TOA is com-
role of stratiform clouds and water vapor in climate feed- bined with the net radiative energy flux at the Earth’s
back processes. More recently, using cumulus ensemblsurface, the net atmospheric radiative cooling is obtained.
models, Lau et al. (1994) have demonstrated that changeBhe atmospheric radiative cooling is the net effect of in-
in cloudiness and related cloud radiative forcing are morefrared emission by the atmosphere, the absorption by the
sensitive to remote forcing due to the large-scale circula-atmosphere of infrared radiation emitted by the Earth’s
tion than to the variation of local SST. CEMs have alsosurface, and the absorption by the atmosphere of solar
been coupled to oceanic mixed-layer models to elucidatgadiation.
the mechanisms of diurnal variability of clouds and pre- The vertical distribution of radiative cooling/heat-
cipitation over the ocean. ing inside the atmosphere is also very important. For
Another potential application of CEMs in climate example, simulations of the climatic effects of increasing
studies is the nesting of CEMs in MMs and in GCMs. carbon dioxide concentrations predict warming of the tro-
One approach is to use the large-scale conditions geneposphere and cooling of the stratosphere (e.g., Cess et al.
ated by coarse resolution GCMs (typicallys® or 2°x 1993), and there is some empirical evidence for such
2.5° latitude-longitude) as a boundary condition to the changes (Houghton et al. 1990). For this reason, mea-
CEMs. Alternatively, this may be achieved by double nest-surements of the radiative energy flux at the tropopause
ing between CEMs, MMs, and GCMs. Experimentation are particularly important. Unfortunately, they are almost
with one-way interaction, i.e., using larger models to force completely nonexistent. Additional resolution of the ver-
CEMs and MMs, has demonstrated some success in doctical structure of the radiative cooling would also be useful,
menting the modification of regional convective processesparticularly for the troposphere where cloud layers can
due to climate changes such as deforestation. The nestingroduce very sharp local features.
of models has the advantage of focusing computational In summary, following the TOA radiative flux, the
resources only in the region of interest, thus saving unext most valuable measurement would be of the surface
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radiative flux, because of its importance for atmosphere-PM-1 sun-synchronous orbits. The CERES measurements
ocean and atmosphere-land interactions. After that, itwill improve the calibration, time sampling, and angular
would be best to obtain the radiative flux at the tropo- sampling over the earlier ERBE and SCARAB data sets.
pause. Additional details of the radiative cooling profile Cloud observations will be successively improved by
within the troposphere would also be useful, but infor- VIRS in 1997, and later by MODIS, to be launched on
mation at more than about 4-to-10 levels might be ofthe EOS AM-1 (1999) and PM-1 (2000) satellites. VIRS
marginal utility. on TRMM adds improved calibration, spatial resolution
Radiative fluxes are the highest priority measure- (2 km IR), and cloud particle size information (1.6 um
ments necessary to understand the role of cloud feedbackhannel) over the current AVHRR and geostationary cloud
mechanisms in the climate system. Current global climatedata sets, and will also provide diurnal sampling from its
models cannot accurately model even the gross zondbw-inclination orbit. MODIS adds improved detection
mean seasonal changes in cloud radiative forcing, muclof cirrus clouds (C&slicing channels and 1.38-pum chan-
less the desired regional effects. In order to improve simu-nel), improved resolution of boundary-layer cellular cloud
lations of cloud forcing and its effect on climate sensitivity, fields (250-m-1-km spatial resolution), and improved
more-detailed measurements of cloud properties arecloud microphysics for both day and nighttime observa-
needed to provide understanding and model validationtions (1.6 and 2.1 um, day, and 8.5 pm, night).
Wielicki et al. (1995) have suggested that measurements Table 2.4a summarizes the time and space sam-
of the following cloud properties be developed to betterpling of the primary global and regional satellite
understand cloud feedbacks and to validate their simulaobservations for clouds and radiation in three time inter-

tion in global climate models: vals: past/current, TRMM, and EOS. For the EOS-era
observations, instruments are listed by spacecraft orbit.

e cloud LWP (or ice water path) The first EOS AM-1 platform will be launched in 1999 in

e cloud visible optical depth a sun-synchronous descending orbit at 10:30 a.m. The first

e cloud particle size EOS PM-1 platform will be launched in 2000 in a sun-

e cloud particle phase/shape synchronous ascending orbit at 1:30 p.m. These

e cloud fractional coverage measurements are planned to provide a 15-year time se-

e cloud temperature/height ries to allow studies of climate processes. The EOS orbits

e cloud infrared emittance were chosen to optimize measurements of the diurnal

cycle, surface land processes, and ocean biological pro-

At least five of these cloud properties can vary in- cesses. For the critical diurnal cycle of clouds and radiative
dependently (optical depth, size, phase, coverage, heightjluxes, a third precessing orbit is provided by TRMM in
Since TOA SW and LW fluxes represent only two con- 1997-2000, and potentially a TRMM follow-on mission
straints, it must be concluded that GCM agreement withbeyond 2000. The ACRIM platform is planned for launch
TOA SW and LW fluxes is a necessary, but not sufficient, in 1999, the ICESat-1-GLAS platform in 2001, and the
condition to guarantee correct cloud physics and therebyeuropean Meteorological Operational Satellite (METOP)
correct cloud/climate feedback mechanisms. platform in 2002.

Figure 2.10 shows a timeline of satellite-based glo- While Table 2.4a summarizes the major cloud and
bal radiation budget and cloud observations from 1975 toradiation satellite instruments, there are several instru-
2015. A major improvement in remote sensing capabili- ments shown in Table 2.4b that provide critical supporting
ties began with the U.S./Japanese TRMM satellite in 1997data. In general, these supporting instruments sacrifice
and continues with the NASA EOS AM-1 satellite as well time or space sampling capabilities in order to achieve
as the ESA Environmental Satellite (ENVISAT) starting additional special measurement capabilities. These capa-
in 1998. An observational gap is already apparent for scanbilities can be used to test assumptions utilized in the
ner-based radiation budget data from ERBE. Fortunatelyglobal data sets. For example, pixel-beam filling issues
the French/German/Russian Scanner for Radiation Budand cloud inhomogeneity can be examined using the very-
get (SCARAB) instrument was launched in Decemberhigh-spatial-resolution Landsat-7 and ASTER data.
1993 and should provide overlapping intercalibration with Multiple-view-angle solar-reflectance data from Polariza-
the ERBE nonscanners, which continue to operate. Theion and Directionality of the Earth’s Reflectance
first SCARAB instrument provided data for 1 year, and a (POLDER) and MISR can be used to test the assump-
second instrument will launch in 1997. EOS CEREStions of shortwave anisotropy and to examine
(Wielicki et al. 1996) radiation budget measurements be-non-plane-parallel radiative transfer effects of broken
gan with TRMM and continue with the EOS AM-1 and cloud fields. Medium Resolution Imaging Spectrometer
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Ficure 2.10

Measurement 1975 1980 1985 1990 1%5 2(20 2(#5 ZOiO 20i5
Rodve [ ' eree %
Radiative ERBE 27
Fluxes Scanning N6,7 ERB -. -
ERBE =]
SCARAB
| ERe e —

Surface

o SRB
R
CERES #
Atmosphere ERBE" .
Radiative CERES#
Fluxes AIRS/HSB

Cloud Amount, N7 NCLE
Height, ISCCP
and Optical Depth

Cloud Particle Size/
Phase MODIS

Cloud LWP SSM/I
(ocean) T™I

Aerosol Troposphere | AVHRR
MISR
MODIS
EOSP
Stratosphere | SAGE II/111

Solar Constant N7/Sol. Max
ERBE/UARS
ACRIM

* For SW Net and LW Clear-sky only
# Requires cloud properties from coincident cloud imager data: VIRS or MODIS
/ Simulation of CERES analysis using ERBE/AVHRR/HIRS on NOAA 9 spacecraft

Timeline of the primary global and regional satellite observations for clouds and radiative properties (Wielicki et al. 1995, reproduced with
permission from the American Meteorological Society).

(MERIS) and Global Imager (GLI) can provide an early but for extremely limited time periods and climatic re-
independent method for the determination of daytime gions. Ultimately, the highest confidence is achieved only
cloud height using oxygen A-band absorption of solar through a combination of field experiment data, special
reflected radiation. Later observations by the GLAS lidar local high-resolution data, and global satellite data.

will provide a more-definitive test of cloud top height Improvements in global satellite observations of
using active lidar for both day and night, and allowing key climate parameters depend critically on two efforts.
better discrimination of multilayer cloud cases such as First, the derivation of advanced remote-sensing algo-
thin cirrus over low- or middle-level cloud. The Advanced rithms (often called inversion methods) is required to
Along Track Scanning Radiometer (AATSR) can test utilize the new measurements provided by EOS. Second,
whether the determination of remotely-sensed cloud datathe new data must be rigorously validated against inde-
is independent of viewing zenith angle. The EOSP mea-pendent surface and aircraft in situ or remote-sensing
surements can provide an independent estimate of aerosolsbservations. This section will summarize the state of the
and cloud microphysics. While these tests do not replaceart in remote sensing of the key cloud and climate param-
the need for ground- and aircraft-based verification, they eters discussed previously. This section will also identify
have the advantage of allowing tests over a complete rang@roblem areas critical to future advances in remote sens-
of global climate conditions. Field experiments give the ing, data analysis, and validation.

most accurate and complete cloud and radiation data sets,
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Pasr mm || TiE CLGID) A5 TIME SAMPLING MoNTHLY NADIR DA
CURRENT | SPan RADIATION (EQ. CROSSING, LT) AVERAGE FieLb or Source
OBSERVATIONS GRID ViEw (km)
N7 ERB 1979-| SW, LW fluxes: 1200 500 km 90; 1000 NSSDC
1990 top of
atmosphere
N7 NCLE 1979- Cloud amount 1200 500 km 8; 60 NSSDC
1990 height
HIRS 1989- Cirrus height, 0700, 1400 2.5° 20 NOAA
1993 emittance
ERBE 1984- | SW, LW fluxes 0700, 1400, 2.5° 40; 1000 LaRC VO
) 1995+ top of Precessing DAAC
(@) atmosphere,
LUl cloud forcing
1
9 ISCCP 1983-| Cloud amount Every 3 h 280 km 4-8 LaRC VO
o 1995+ | height, optical DAAC
depth
SRB 1983- SW, LW fluxes| Every 3 h 280 km 4-8 LaRC|VO
1995+ surface DAAC
SSM/I 1987- Cloud liquid 0630, 1630 1.0° 32-55 Wetnet
1995+ water path
(ocean only)
SCARAB 1994- SW, LW fluxes Precessing 2.5° 80 CNES]
1997+ top of France
atmosphere
CERES 1997- SW, LW fluxes: Precessing 1.0° 10 LaRC V1
6)‘ 2000 top of DAAC
o atmosphere,
'-‘q_" surface,*
i in atmosphere*
Z
ED VIRS 1997- Cloud amount, Precessing 1.0° 2 LaRC V1
< 2000 height, optical DAAC
= depth, particle
> size/phase
E T™I 1997- Cloud liquid Precessing TBD 4.5-37 TBD
= 2000 water path
(ocean only)
EOS TiME CLOUD AND TIME SAMPLING MOoNTHLY NADIR DaTA
(PLATFORM | gpan (G (EQ. crossING, LT) AVERAGE FiELD OF SeauEaE
INSTRUMENT) OBSERVATIONS GRID ViEw
AM-CERES| 1999- SW, LW fluxes;: 1030 1.0° 20 LaRC|V1
2013 top of DAAC
atmosphere,
surface,*
7)) in atmosphere
8 AM-MODIS | 1999- Cloud amount, 1030 5 km, 1.0° 0.25-1 GSFQ,
2013 height, optical LaRC
depth, particle
size/phase
PM-CERES| 2000- SW,LW fluxes 1330 1.0° 20 LaRC V1
2015 top of DAAC
atmosphere,
surface,*
in atmosphere?
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EOS Time CLOUD AND TIME SAMPLING MoNTHLY NADIR DaTA
(PLATFORM | Span [ aTIER (EQ. crossING, LT) AVERAGE FiELD oF SoEGE
INSTRUMENT) OBSERVATIONS GRID ViEw
PM-MODIS| 2000-| Cloud amount 1330 5km, 1.0P 0.25-1] GSFC,
2015 height, optical LaRC
depth, particle
size/phase
) | PM-AMSR# 2000- Cloud liquid 1330-1030 TBD 10-20 TBD
@) 2015 water path
(] (ocean only)
PM-AIRS/ 2000- Temp/water 1330 TBD 15 JPL
HSB 2015 vapor, cloud and V1
surface emissivity DAAC
ACRIM 1999- Solar constant TBD N/A N/A LaRC V1
2015 DAAC
*Requires both CERES broadband scanner data and cloud imager data for within-atmosphere fluxes, and surface
LW fluxes (cloudy).
#Also planned for EUMETSAT METOP beginning in 2000 in a 1030 LT sun-synchronous orbit.

Primary global and regional satellite observations of clouds and radiation in the pre-EOS and EOS era. Satellite data with 1/8

2-day coverage, and both day and night observations

cal Society).

TaBLE 2.48B

to

(Wielicki et al. 1995, used with permission from the American Meteorologi-

PLatForm | TIME C,\?LAOE‘)"'ZTTONA? SPECIAL Fgfg’g - SAMPLING Data
INSTRUMENT | SPAN e CAPABILITIES 7= LimiTATIONS Source
ADEOS 1: 1996-| Narrowband SW multiangle, day only, 6 km ESA
POLDER 1999 | cloud anisotropy, polarization 50% dut
Landsat-7 1999-| Cloud properties spatial resolution, 1 per 16 days 15-120 m EDC V1
2002 | atscales << 1km calibration DAAC
EOS AM: 1999- | Cloud properties spatial, spectral 1 per 48 days 15-90 m EDC V1
ASTER 2003 | atscales << 1km resolution DAAC
EOS AM: 1999- Aerosols, multiangle, 1 per 9 days 200 m, 2 km LaRC V1
MISR 2003 narrowband calibration DAAC
anisotropy, stereo
cloud height
ENVISAT: 1998- | Dual-pathlength 2-angle views 1 per 5 days 1 km ESA
AATSR 2003 cloud properties
ENVISAT: 1998- | Oxygen A-band oxygen A-band day only 1 km ESA
MERIS 2003 cloud height
ADEOS II: | 2000- Cloud liquid spatial resolution oceans only 5-50 km NASDA
AMSR 2002 water path
ADEOS II: | 2000- | Cloud properties oxygen A-band no,Claannels 250 m-1 km NASDA
GLI 2002
ICESat-1: 2001- Lidar cloud and active lidar nadir onl 70 m GSFC V1
GLAS 2005 boundary laye! DAAC
height
EOS AM-2:| 2003- Aerosols, polarization, day only| 10 km LaRC V1
EOSP 2013 ice cloud calibration large FOV DAAQ
microphysics

Supporting satellite observations of clouds and radiation in the EOS era. Satellite instruments with special capabilities
but limited time sampling. Critical for global validation of primary data
American Meteorological Society).

(Wielicki et al. 1995, used with permission from the
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2.2.3.5.1 TOA radiative fluxes of scene albedo on varying solar zenith angles through-
The measurement of TOA fluxes will enter its fourth gen-  out the day.

eration with the CERES instruments on the TRMM

(Simpson 1988) and EOS AM-1 and PM-1 spacecraft.2.2.3.5.2 Surface radiative fluxes

The most recent ERBE measurements provide the starSlobal satellite estimates of radiative fluxes at the sur-
dard of comparison for global radiation data sets. Thisface (up, down, and net) are now becoming available
success was gained though extensive pre-launch work witiiDarnell et al. 1992; Li and Leighton 1993). In general,

a science team to: a) oversee instrument design, develoghe intervening atmosphere complicates the measurement
ment, and testing, b) design data products, and c) desigwhen compared to the more-straightforward derivation
analysis algorithms. A final key element was an integratedof TOA fluxes. A major advantage, however, is the abil-
data management team to execute two versions of the daity to test satellite-based surface flux estimates directly
system before launch. This is the same overall strategygainst surface-based measurements such as those cur-
being used by the EOS project for the EOS data productgeently provided by the Global Energy Balance Archive

Because there is no “ground truth” to test the ac- (GEBA; Ohmura and Gilgen 1991; Li et al. 1995) and in
curacy of satellite TOA flux estimates, a comprehensivethe future by the BSRN (World Climate Research Pro-
set of internal consistency checks is required to achievegram [WCRP] 1991) now being established around the
high-quality data (Barkstrom et al. 1989). As a result of globe. As a result of this ability, two independent ap-
the extensive ERBE, Nimbus-3, and Nimbus-7 experi-proaches are desirable for determining surface radiative
ence, there is a good understanding of the sources of errdluxes:
in determining TOA radiative fluxes.

In essence, the measurement of TOA fluxes is a 7-1) Calculation of surface fluxes using observed cloud and
dimensional sampling problem: spectral (1), spatial (2), atmosphere parameters, with measured TOA broad-
angular (3), and temporal (1). These sampling require- band fluxes acting as a constraint on the radiative
ments lead to a measurement strategy with: a broadband calculation.
instrument (spectral coverage) with crosstrack scanning

(spatial coverage) plus a scanner that rotates in azimuth) parameterized relationships between simultaneously-
(angular sampling) and six observations per day from two  gpserved TOA fluxes (or radiances) and surface fluxes.
sun-synchronous polar orbiters and one medium-inclina- Typically, the form of the parameterization is based
tion orbiter to sample diurnal variations (spatial, temporal,  op, 5 radiative transfer model, but the final coefficients

and angular sampling). Error estimates for such a sam-  sed are determined by comparisons against actual sur-
pling strategy are developed in Wielicki et al. (1995), and  f5ce flux observations.

are much better than previously achieved. Overall, the

CERES measurement errors are expected to be a fact@ork is progressing on both of these approaches.

of 2 to 4 lower than ERBE errors. The improvements are Initial global surface radiation budget estimates of

expected from three major sources: SW up, down, and net fluxes use ISCCP narrowband ra-

diances, along with a narrowband-to-broadband

1) Factor of 2 improvement in instrument calibration by tansformation (Darnell et al. 1992; Pinker and Laszlo
using more-accurate ground and on-board calibration; 9g2). \erification against GEBA data and FIRE field
sources. experiment data indicates a monthly average of 2.5° re-

) . ) gional mean insolation accuracies of about 20%{/to).

2) Factors of 2-4 improvement in angular sampling er-\yhile this is not as accurate as estimates of TOA fluxes
rors by the use of the rotating azimuth plane CERESsing ERBE data, most of this discrepancy appears to be
scanner to fully sample angular space, combined withcased by spatial mismatching of the scales of observa-
the use of advanced cloud imagers (VIRS, MODIS) tijons of the satellite (250 km) and surface (30 km)
to identify anisotropic targets as a function of cloud gpservations, so that actual rms errors may be closer to 5-
and surface properties. 10 Wm? (Li et al. 1995). In the time frame of the EOS

. o . observations, calculated SW surface flux accuracies

3) Factor of 2-3 improvement in time-sampling errors shoy|d increase greatly as more-accurate cloud (VIRS,
by the use of a three-satellite sampling system and th‘MODIS), atmospheric (AIRS), and surface properties
use of improved shortwave models of the dependencgyisr, MODIS) become available, and as simultaneous
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broadband measurements of TOA fluxes are available tdMethods to identify multiple cloud layers using satellite
constrain the model calculations, including implicit cor- data have only recently begun, however, and a great deal
rections for 3-D radiative transfer effects. The MISR of additional work is needed in this area. Two approaches
measurements of bidirectional reflectance of vegetationappear promising. For optically-thin high clouds, infra-
canopies will provide improved separation of net surfacered sounding channels can isolate the high cloud, while
SW flux into upwelling and downwelling components. visible and infrared window channels are used for the low-
The second approach to SW flux estimation is to level cloud (Baum et al. 1992). For optically-thick high
make use of a direct linear relationship between net SWelouds, a combination of optical measurements for the
flux at the top of the atmosphere and net SW flux at theupper (ice) cloud and microwave measurements for the
surface (Cess et al. 1991; Li et al. 1993). This relation-low (water) cloud may help define cloud overlap. In the
ship is derived theoretically and verified against surfacelong term, active systems such as the GLAS lidar for op-
observations as a function of solar zenith angle. The ratically-thin cloud and a 94-GHz cloud radar for
tionale for this method (Davies et al. 1984) is that wateroptically-thick cloud offer the best solution (WCRP 1994).
vapor absorption and absorption by liquid water and ice For surface LW emission, additional work is still
occur in the same portion of the spectrum. To first order,required to improve models of land emissivity and direc-
then, placing a cloud in the atmosphere simply changesional thermal emission from vegetation canopies (Li and
the vertical distribution of solar absorption, but not the Becker 1993; Sellers and Hall 1992; Slingo and Webb
total amount. The dependence of absorption on solar ze1992).
nith angle can be understood as a change in path length.
Because cloud particles reflect a significant amount 0f2.2.3.5.3 Radiative fluxes within the atmosphere
radiation even at absorbing wavelengths, however, andetermination of profiles of atmospheric radiative fluxes
because reflection depends on particle size and shapés necessary to estimate radiative heating rates within the
there are still questions about accuracy as a function ofitmosphere. Clearly, the most accurate measurement of
cloud type and height. The key to improvements in theradiative heating rate will be for the total atmospheric col-
empirical algorithm is to obtain more-extensive surface-umn. The total column heating rate can simply be
observed net SW fluxes for validation as a function of determined from the difference between the TOA and sur-
varying cloud conditions and climate regimes. FIRE, theface radiative fluxes.

ARM program, and BSRN observations will be key to A second level of complexity is the determination
increasing the accuracy and confidence in this empiricalof radiative heating rates within the atmosphere. Even for
approach. aircraft observations, this is an exceedingly difficult mea-

The situation for LW surface fluxes is more com- surement, primarily because of the large spatial and
plex and difficult, at least for the downward LW flux at temporal variability of cloud fields. Estimates from space
the surface. Calibration of surface LW flux pyrgeometer will necessarily be a combination of observed atmospheric
measurements is still undergoing study, and downwardproperties (temperature, water vapor, aerosols, clouds)
flux radiative computations are dominated by low-level used as input to radiative transfer calculations. One of the
water vapor and cloud-base altitude (Gupta 1989; Guptgrimary concerns is the accuracy of these radiative mod-
et al. 1992)—two of the more-difficult measurements to els, but an advantage available during the EOS period
obtain from space. For clear-sky conditions, encouragingwill be the use of broadband TOA flux observations to
progress has been made in developing direct relationshipsonstrain the model solution. For example, if SW TOA
between surface and TOA LW fluxes (Inamdar and fluxes calculated for a cloud field disagree with TOA mea-
Ramanathan 1994; Stephens et al. 1994). In the EOS timsurements, then the satellite-derived cloud optical depth
frame, improved lower-tropospheric water vapor will be could be adjusted to get agreement. In this case, the error
available globally from the AIRS/HSB instruments and in both the satellite optical depth estimate and the radia-
over land from MODIS (Kaufman and Gao 1992). Teststive calculations could be caused by the use of a 1-D
are under way using FIRE observations to examine methradiative transfer model for a 3-D cumulus cloud field.
ods to relate satellite measurements of cloud temperatur8ince the TOA flux measurement can use CERES-mea-
and optical depth to estimated cloud geometrical thick-sured anisotropic models appropriate for a 3-D cumulus
ness (Minnis et al. 1990, 1992). Recent sensitivity studiesloud field, the TOA conversion of SW radiance to flux
using ISCCP cloud data indicate that cloud overlap maycan in fact include the typical 3-D radiative properties of
in fact be the largest uncertainty for calculations of down-the cloud field, and thereby remove most of the bias in
ward longwave flux at the surface (Charlock et al. 1994).the radiative flux calculations of the effect of the cloud
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within the atmosphere. The bias is removed by adjustingfluxes was a 7-dimensional sampling problem, cloud prop-
the cloud optical depth to one which would give a 1-D erties add a vertical dimension for a total of 8.

equivalent albedo. In this way, the radiative flux profile

Nevertheless, a great deal of progress has been

within the atmosphere will be consistent with TOA ob- made in recent years, especially through the work of
servations, and the cloud optical depth estimation can béSCCP and FIRE. Overall lessons learned include:

corrected for first-order 3-D effects as well.

A second possible constraint on radiative fluxes ¢
within the atmosphere is the use of satellite-estimated sur-
face radiative fluxes. If direct relationships between TOA
and surface-observed radiative fluxes prove to be a mores
accurate estimate of surface fluxes than radiative
calculations using satellite-observed atmosphere and cloud
properties, then the satellite-estimated surface flux esti-
mates can be used as an additional constraint on the
calculated radiative fluxes within the atmosphere. The use
of the TOA and surface flux constraints would be weighted
by the estimated accuracy of each radiative flux compo-
nent. In this case, TOA fluxes would probably provide a
stricter constraint than surface fluxes. Note that, if usinge
radiative modeling proves more accurate in estimating
surface radiative fluxes, then the only observational con-
straint is the TOA flux.

Even with TOA flux constraints, however, the abil-
ity to remotely sense cloud thickness, or cloud overlap, is
subject to serious question. As a result, the initial strategy
for EOS is to phase in progressively-more-advanced esti-
mates of in-atmosphere radiative fluxes, as indicated in
the following list: .

e Atlaunch + 6 monthsTOA, surface, tropopause, 2-
5 stratospheric levels

e Atlaunch + 24 monthsAdd 500-hPa level

e Atlaunch + 36 monthsAdd 4-12 tropospheric levels,
as validation warrants

One of the elements for testing within-atmosphere
flux calculations is likely to be the use of remotely-pi-
loted aircraft currently under development, which are
capable of gathering statistics over very long flight legs
with accurately stacked flight tracks; ARM began test
flights in spring 1994. The remote-sensing challenges fore
within-atmosphere fluxes are similar to those for down-
ward LW flux at the surface: profiles of water vapor, cloud
thickness, and cloud overlap.

2.2.3.5.4 Cloud properties
The remote sensing of cloud properties from space is com-
plicated greatly by the rapid changes of clouds in both

Cloud analysis can often be separated into cloud de-
tection, followed by cloud property determination.

Lack of accurate calibration of narrowband imaging
radiometers remains a major stumbling block in cli-
mate work.

No single cloud algorithm or portion of the spectrum
(i.e., solar, infrared, microwave) can handle the diver-
sity of cloud physical properties needed for the cloud/
radiation problem.

Significant improvements in cloud retrievals are still
possible with current satellite data, including new es-
timates of cloud particle size.

The next jump in quality should be provided by MO-
DIS, the first instrument whose design specifically
includes cloud property determination as a require-
ment.

Validation of cloud physical properties requires not
only tests against field observations, but also consis-
tency between independent satellite methods. For
example, very-high-spatial-resolution ASTER data are
needed to answer questions about inadequate beam
filling within the larger MODIS or VIRS pixels; multi-
angle MISR data are needed to provide stereo cloud
height confirmation, and confirmation of 3-D cloud
radiative effects on retrieved cloud radiative proper-
ties; and EOSP measurements are needed to provide
independent estimates using polarization of cloud par-
ticles, especially for ice particle clouds.

The final step in cloud remote sensing will be the com-
bination of passive and active remote sensors. EOS
will begin this step with MODIS, AMSR-E, and GLAS
(active lidar). Ultimately, a 94-GHz radar will also be
required. It is clear that active remote sensors will re-
quire multiple spectral bands, just like the passive
radiometers.

space and time. To further complicate matters, their ra-2.2.3.5.4.1 Cloud fraction
diative properties are a strong function of viewing angle The problem of determining cloud fraction has typically
and solar geometry. Where the remote sensing of TOAbeen treated as either one of cloud detection (Rossow et
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al. 1985) or energy balance (Coakley and Bretherton 198)eeds further study using multi-angle MISR and
Minnis and Harrison 1984a-c; Stowe et al. 1988). OthePOLDER data for solar-channel cloud detection and the
methods include the use of spectral signatures or spatidllong Track Scanning Radiometer-1 (ATSR-1) for the
textures (Stowe et al. 1991; Saunders and Kriebel 1988}hermal infrared detection.

A cloud-detection method typically defines a thresh- The third major concern is cloud detection in po-
old reflectance (solar wavelengths) or brightnesslar regions. In these regions, recourse is often made to a
temperature (thermal infrared) to distinguish between satcombination of spectral and textural measures to improve
ellite measurement pixels containing clear-sky orcloud detection (Ebert 1987; Welch et al. 1992;
cloudy-sky conditions. The major problem with this ap- Yamanouchi et al. 1987).
proach is how to handle partially cloud-filled pixels (i.e.,
the “beam-filling” problem). 223542 Cloud height

An energy-balance cloud fraction measurement isThe measurement of cloud height has typically been ac-
based on the assumption that many, if not most, of theomplished by one of three different methods:
pixels may be partially cloud-filled. These methods use
an estimate of a typical cloud reflectance (Minnis ande set measured brightness temperature equal to cloud
Harrison 1984a-c; Stowe et al. 1988) or a typical cloud top temperature assuming a black cloud (Stowe et al.
brightness temperature (Coakley and Bretherton 1982) to 1988);
allow cloud fraction in each pixel to be linearly related to
the reflectance or brightness temperature in each pixel. ¢« use 15-um infrared sounding channels to estimate the

Wielicki and Parker (1992) showed results of us-  pressure level in the atmosphere at which the cloud is
ing 30-m-spatial-resolution Landsat data to test the radiating (Smith and Woolf 1976; Chahine 1974); or
performance of the ISCCP-determined cloud fraction on
the spatial resolution of the data. Two things were found use the solar reflectance measurement to estimate vis-
to occur. As expected, when the spatial resolution degrades, ible cloud optical depth (and thereby infer an infrared
the beam-filling problem increases cloud fraction, espe- emittance) and then correct the estimate of cloud tem-
cially for boundary-layer clouds. But unexpectedly, atfull ~ perature if the cloud has emittance less than unity
resolution, the ISCCP bispectral thresholds underestimate (Rossow et al. 1985).
cloud fraction because they miss a significant amount of
optically-thin cloud below the threshold. The net effect is Additionally, the spatial coherence method
a combination of a tendency to underestimate the opti(Coakley and Bretherton 1982) has the ability to uniquely
cally-thin cloud and to overestimate the brokendistinguish cloud fields with well-defined layers, as ex-
optically-thicker cloud. These results indicate that, forhibited by small spatial variability in the cloud thermal
EOS, the 250-m channels on MODIS will greatly reduceinfrared window emission. Several problems with these
the problem of beam-filling, but that further work will be methods have recently been documented by FIRE:
required for the detection of optically-thin cloud.

Several advances in the EOS era that will give key» Even boundary-layer clouds are often nonblack
improvements in cloud fraction measurements are: (Wielicki and Parker 1992; Luo et al. 1994).

« higher spatial resolution; e Infrared sounder methods work well for upper-level
clouds, but poorly for low-level clouds (Wielicki and
« additional near-infrared channels for thin cloud detec- Coakley 1981; Wylie and Menzel 1989).
tion, especially the 1.38-um channel added for
detection of optically thin cirrus (Gao et al. 1992); ands The ISCCP visible optical depth calculations have tra-
ditionally assumed water clouds, a poor assumption
e additional thermal infrared channels (3.7, 8.5, 13.3, for cirrus (Minnis et al. 1990; Wielicki et al. 1990).
13.6, 13.9 um) to allow improved detection of opti-
cally-thin cloud at night. e Inthe presence of boundary-layer inversions over the
ocean, conversion of cloud temperature to cloud height
A second major concern is the variation of derived  can cause large errors (Minnis et al. 1992).
cloud fraction, as obtained by ISCCP and other studies as
a function of viewing zenith angle (Minnis 1989). This
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These problems suggest that algorithms must bee  Nonspherical ice particle scattering differs greatly from
varied with varying cloud types. For boundary-layer stra-  the assumed 10-um spheres, causing an overestimate
tus, spatial coherence will work best. For cirrus without  of ice cloud optical depths (Minnis et al. 1990). The
lower-level cloud, the ISCCP method using hexagonalice  ISCCP data will soon be reprocessed using improved
crystals (Minnis et al. 1990) is sufficient; for cirrus over hexagonal crystal scattering for cold clouds (Takano
low-level stratus, the infrared sounder methods work best. and Liou 1989).

For large-scale storm systems, any of the methods should
give accurate results. e The cloud-filled-pixel assumption causes substantial

The largest remaining problems are multi-level underestimates of cloud optical depth for cumulus
cloud situations (almost half of all cloud cases according fields, even when cloud amounts are correct or too
to surface observations; Hahn et al. 1982; Tian and Curry small (Harshvardhan et al. 1994).

1989), and cumulus or altocumulus fields. Key improve-

ments for these cases will come from the increased spectral All of the above concerns should be greatly allevi-
resolution of MODIS as well as the increased spatial resoated by the improved calibration and spatial resolution
lution to minimize beam-filling problems in interpreting offered by the VIRS and MODIS instruments in the EOS
thermal infrared channel observations. Recent studies havera. An unresolved problem, however, is whether a 1-D
shown progress in cases of cirrus over stratus by usingadiative transfer model can be applied to inherently 3-D
infrared sounder data to determine the upper cloud levelgloud structures such as cumulus. For boundary-layer
and multispectral thermal infrared window channel dataclouds over ocean, new evidence implies that the rela-
using spatial coherence methods to determine the lowtively small aspect ratiov(h) and optical depths of broken
cloud (Baum et al. 1994). Key validation data will come cloudiness cause errors due to the 1-D assumption being
from surface lidar and radar, field experiments, and therelatively small for domain-averaged values (Cahalan et
spaceborne GLAS lidar and MISR stereo cloud-heightal. 1994; Wielicki and Parker 1992; Duda and Stephens
capabilities. The most difficult area to validate will re- 1994). For cumuli over land, however, the larger aspect
main multi-level cloud, especially if both layers are ratios and larger optical depths require re-examination of
optically thick in the visible and thermal infrared. In this this result. In addition, initial observations of non-plane-
case, the only validation tool will be the use of millimeter parallel cirrus clouds during FIRE showed mixed results

wavelength radar (WCRP 1994). (Stackhouse and Stephens 1991). One of the key verifi-

cations of the importance of 3-D effects is the test for

2.2.3.5.4.3 Cloud visible optical depth and thermal infrared consistency in derived optical depth as a function of sat-
emittance ellite viewing angle. POLDER and MISR data will provide

The first global satellite estimates of visible cloud optical key tests of this assumption on a global basis. Regional
depth were provided recently by ISCCP. The methodol-field experiment data will allow tests using in-cloud mea-
ogy used was to calculate the expected visible reflectancsurements combined with fully 3-D radiative transfer
for a water cloud of 10-um spheres as a function of sur-models. If 3-D effects are found to be critical, further stud-
face reflectance, solar zenith angle, and satellite viewinges of the remote sensing of cloud field horizontal structure
angle using a 1-D multiple scattering radiative transferwill be required (e.g., Zhu et al. 1992). Continuing work
model (Rossow et al. 1991). A look-up table then con-will also be required to understand the effects of ice cloud
verted reflectance into visible optical depth. The range ofparticle shape and size on satellite-inferred optical depths.
optical depths which can be measured is typically between Thermal infrared emittance is related to visible
about 0.5 and 100, limited by cloud detection limits on optical depth through cloud particle size and phase. For
the lower end and lack of further sensitivity on the uppernighttime observations, estimates are typically made us-
end. FIRE and other validation studies showed that theréng either infrared sounder data (Smith and Woolf 1976;
are three major difficulties with the present data: Chahine 1974) for upper-level clouds, or multiple ther-
mal infrared window channels with varying response to
* Most of the year-to-year variability in the ISCCP glo- cloud particle size (Luo et al. 1994) for lower-level clouds.
bal cloud optical depth is caused by varying calibration Classically, the infrared sounder measurement is actually
of the visible radiometers (Klein and Hartmann 1993a). considered to beA., or emittance times cloud fraction.
Improved calibration is critical. Recent studies indicate, however, that for cirrus clouds,
partially cloud-covered fields of view are not a problem
for pixel sizes less than about 8 km (Wielicki and Parker
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1992). In this case, the MODIS 1-km resolution infrared tain scattering and absorption properties of nonspherical
sounder channels should be able to unambiguously megparticles. Extensive further theoretical and observational
sure infrared cirrus emittance. Multispectral methods forwork is needed for ice clouds. In particular, advances in
low-cloud emittance need further validation by field ex- aircraft probes are needed to routinely measure the num-

periments, although they appear promising. ber of small ice crystals and to measure the scattering
phase functions of ice crystals.
2.2.3.5.4.4 Cloud particle size Purely infrared methods to infer particle size have

A great deal of progress has been made recently in thevolved more recently (Prabhakara et al. 1988; Ackerman
remote sensing of cloud particle size. Two approachest al. 1990; Luo et al. 1994). These methods rely on the
have been examined initially; one using solar reflectancevariation in cloud emittance caused by varying particle
channels, and the other using thermal infrared channelssize. Their primary advantage is the ability to provide
Both approaches make use of the large variation in thenight-time observations. Whereas the reflectance meth-
imaginary part of the refractive index for water and ice asods have greatest sensitivity to particle size at
a function of wavelength. For example, the imaginary partrelatively-large optical depths, the thermal infrared meth-
of the refractive index of water varies from abouf & ods are most sensitive for optically-thin clouds with optical
0.6 um to 1¢at 1.6 um, 18 at 3.7 um, and 1bat 11 depths of 1-2. Using the currently available 3.7-, 11-, and
um. The origins of these approaches date back to Blau €t2-um data, the thermal infrared retrievals are limited,
al. (1966), Hansen and Pollack (1970), and Arking anddue to the strong ice and water absorption at these wave-
Childs (1985). lengths, to an effective radius of about 30 um. Validation
Daytime methods use the visible channel to deter-against field experiment data is just beginning for these
mine cloud optical depth, plus absorbing channels tonew methods.
estimate cloud particle size. In essence, the visible chan- The increased number of spectral channels avail-
nel estimates the average number of scattering events pable on the VIRS and MODIS instruments will allow
reflected photon, while the absorbing channel determinesubstantial improvements in cloud particle remote sens-
the absorption per scattering event, which is a function ofing. Key advances are the availability of global 1.6- and
particle size. The first global estimate of low-cloud water 2.1-pm channel data during the day and a new 8.5-um
droplet size has recently been produced using the AVHRRnfrared window channel at night. In the future over ocean
0.6-, 3.7-, and 11-um channels (Han et al. 1994). In addivegions, water cloud particle sizes should be verified in-
tion, aircraft radiometers and Landsat observations havelependently by combining the microwave-measured LWP
been used in FIRE field experiments to show that for watetusing TRMM Microwave Imager (TMI) data on TRMM
clouds over ocean, the determination of effective dropletand AMSR data on EOS PM-1 and METOP, and the
radius using visible, 1.6-, and 2.1-um channels tracksVIRS- or MODIS-derived cloud optical depth using
changes measured by aircraft in situ data with possiblel.S.\WP/t. (Stephens 1978). A second independent veri-
offsets of about 30%. The discrepancy has recently beefication can be obtained by using the polarization
ascribed to either water vapor continuum absorption inmeasurements of POLDER and EOSP, especially for
the 1.6- and 2.1-pym region bands (Stephens and Tsagonspherical particles.
1990; Nakajima et al. 1991), or to problems with the For-
ward Scattering Spectrometer Probe (FSSP) typically used.2.3.5.4.5 Cloud liquid/ice water path
to measure cloud droplet size distribution from aircraft. Passive microwave radiometers on the Nimbus-7 Scan-
Further validation of the 3.7-um methodology is required ning Multifrequency Microwave Radiometer (SMMR)
using aircraft observations. For both daytime methods,and the Defense Meteorological Satellite Program
solutions become multivalued for very small particles (less(DMSP) Special Sensor Microwave/Imager (SSM/I) plat-
than 5 um) and small optical depths (Nakajima and Kingforms have demonstrated the ability to observe cloud LWP
1990; Han et al. 1994). The primary uncertainties in theseover ocean backgrounds (Greenwald et al. 1993). Over
methodologies would appear to be inaccuracies in hantand, however, these methods are not applicable because
dling water vapor absorption in the window channels andof the large variability of surface emission at microwave
in handling the horizontal and vertical inhomogeneities frequencies. The primary difficulty in this measurement
of clouds (Coakley and Davies 1986). The majority of is caused by beam filling for the 10-30-km footprints typi-
work has been done for water clouds, but initial work oncal of these measurements. For EOS, the AMSR-E field
ice clouds has also begun (Wielicki et al. 1990; Stone ebf view is about a factor of 2 smaller than is available
al. 1990). The major problem for ice clouds is the uncer-with the current SSM/I data, thereby eliminating some of
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the beam-filling concern. For applications where only athe size ranges < 7,000 kn7,000-30,000 kf 30,000-
grid-box average LWP is required, beam filling is not a 90,000 km, and >90,000 kin(Mapes and Houze 1993;
concern. Error analyses and verification against surfaceChen et al. 1995).
based LWP measurements indicate instantaneous The cloud dynamical and microphysical processes
accuracies of about 25% for the current SSM/I instrumentwithin an MCS determine the amount of upper-level cloud
with much smaller bias errors for monthly average dataand precipitation that are generated by the MCS. These
(Greenwald et al. 1993). processes vary across the size spectrum of MCS. The
Over land, LWP estimates will have to be provided smallest MCS are dominated by convective processes. The
using VIRS or MODIS estimates of cloud optical depth larger develop broad regions of stratiform precipitation,
and effective droplet radius, using the relation discussedand the large upper-level cloud shields delineating the
in the previous section. Uncertainties will be larger thanlarge MCS are primarily associated with stratiform pro-
for ocean cases, but the magnitudes will require furthercesses.
analysis of FIRE and ASTEX data. The convective and stratiform processes lead to
Currently, there is no method to infer ice water path different vertical profiles of latent heating, and they gen-
(IWP) using passive microwave observations. Initial es-erate different types of ice particles in the upper-level
timates of IWP for EOS will be obtained using VIRS- cloud shields (Houze 1982, 1989, 1993). The large-scale
and MODIS-derived cloud optical depth and effective par- tropical atmosphere responds differently to these differ-
ticle size. The key problem here will be lack of a good ent profiles of heating (Hartmann et al. 1984; Mapes and
ground truth source for IWP and the greater uncertaintiedtHouze 1995).
caused by nonspherical geometry for ice crystals. The To understand the physical chain of events involved
nonspherical particles will cause increased errors in bothin the interaction of deep convective cloud systems and
optical depth (uncertain scattering phase function) andthe large-scale circulation and climate over the tropical
effective particle size (uncertain phase function and singleocean, it is necessary to understand how the MCS in dif-
scattering albedo), as discussed in previous sections. Mucferent parts of the size spectrum of the MCS contribute to
further work is needed in this area, both to provide im-the production of upper-level cloud and to latent heating.
proved new observational technigues and to gain improvedo do this, the individual MCS comprising the spectrum
information from current and planned observations. In thismust be identified as must the regions of stratiform and
regard, the polarization information provided by POLDER convective precipitation within the MCS.
or EOSP may provide key information for distinguishing The EOS MODIS data (high-resolution infrared
ice particle habits. The most promising technique for re-channel) can be used to identify the individual elements
mote sensing of IWP and particle size is the use ofof the MCS spectrum by previously-developed methods
high-frequency passive microwave at 300-t0-650 GHz(Williams and Houze 1987; Mapes and Houze 1993; Chen

(Evans and Stephens 1995a, b). et al. 1996). The EOS AMSR-E data (especially the pas-
sive microwave channels at 90 and 36.5 GHz) will identify
2.2.3.5.4.6 Cloud mesoscale organization and structure the precipitation within an MCS identified in the MODIS

The high cloudiness and precipitation in the tropics areinfrared (IR) data. This analysis will identify the regions
dominated by mesoscale convective systems (MCS)where latent heat is being imparted to the atmosphere.
(sometimes called “cloud clusters”). MCS occur in a The AMSR-E data will further indicate the locations of
highly-discrete intermittent manner. They have time andthe convective and stratiform regions. This can be done
space scales much less than those of the large-scale cigpproximately by using an appropriately-calibrated pas-
culation of the tropics. The mean cloudiness derived fromsive microwave threshold separating the higher-intensity
satellite imagery, long-period rain accumulations at tropi- convective rain from the lighter stratiform rain. The EOS
cal locations, and the total latent heating of the tropicaldata set will thus provide global analyses of the location
atmosphere are the net results of these sporadic and sma#ind sizes of an individual MCS and how each member of
scale cloud phenomena. the overall size spectrum of an MCS contributes to latent
The size spectrum of tropical MCS tends toward heating of the large-scale tropical atmosphere.
being lognormal. A small number of very large MCS ac-
count for a large portion of the total high cloudiness and2.2.4 Water vapor and climate
rainfall. If an infrared temperature of 208 K is used to Most of the water in the atmosphere is in the form of
define “high cloud top,” then roughly one-fourth of the vapor, and water vapor plays a critical role in many key
area covered by high cloud is accounted for by MCS inprocesses in the hydrologic and energy cycles. Water va-
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por is the most important greenhouse gas, both  F'sure 211

in terms of its role in maintaining the current UARS MLS 215hPa Water Vapor
climate and in terms of its role in sensitivity DJF 1991-1994
through the water vapor feedback process. The I
supply of moisture for precipitation and run-
off in land areas is by lateral transport of water
vapor in the atmosphere. River flow from land
to ocean must be balanced by an equivalent
transport of water vapor from ocean areas to
land areas. The abundance and vertical distri-
bution of water vapor in the atmosphere
interact very strongly with convection and
cloudiness, thereby influencing the albedo of
the planet as well as the infrared opacity of the
atmosphere.

No Data 30 50 70 90 110 130 150 170 190 210 230 250 270

_ ppmv
2.2.4.1 Water vapor feedback and climate sen-
ity ISCCP High Thick Cloud Amount

sitivity DJF 1983-1990

Because water vapor is the primary greenhouse
gas in the Earth’s atmosphere and the satura-
tion vapor pressure increases exponentially
with temperature, the abundance of water va-
por in the atmosphere can provide a very strong
positive feedback to climate change. The strong
positive feedback associated with an assump-
tion of fixed relative humidity was studied in
early one-dimensional climate models
(Manabe and Wetherald 1967), and its impor-
tance has been confirmed by succeeding
observational (e.g., Raval and Ramanathan
1989) and modeling studies (e.g., Cess et al. No Data 0
1990). The assumption of fixed relative humid- Percent
ity in climate sensitivity calculations has been
challenged by Lindzen (1990), who called at-  Top panel shows the 215 hPa MLS water vapor climatology for December-Feb-
tention to the uncertainties associated with the mary that uses measurements made from 1991-1993 binned into 4° x4° |atitude/
detrainment of water from cumulus clouds and longitude ques. The bot-tom pa}nel shows the December-Fle.bruaw -1983-1990

ISCCP fractional high thick (altitude above 440 hPa and visible optical depth
the associated distribution of water vapor in greater than 9.38) cloud cover climatology map  (Read et al.).
the middle and upper troposphere. He reasoned
that warming in the equatorial region induces
stronger and deeper cumulus convection, which would Water vapor abundance near the ocean surface is
detrain at lower temperatures, and lead to drying in themost closely linked to the saturation vapor pressure at the
upper troposphere. Betts (1990) argued that air in the consurface temperature, and in the upper troposphere is more
vective regions detrains not only in the upper tropospherestrongly controlled by mesoscale and large-scale trans-
but over a wide region between 150 and 550 mb where @ort processes. The greenhouse effect is about equally
significant fraction of the detrained water is in the form sensitive to the relative humidity of the lower and upper
of ice from thick anvil ice clouds that dissipate and leavetroposphere. Climate models indicate that the net feed-
behind large amounts of water vapor, implying that a back is about equally sensitive to variations in the vertical
more-humid middle and upper troposphere could resultstructure of water vapor and temperature (Sinha 1995),
from a warmer climate, i.e., a positive water vapor-tem-and there may be some degree of cancellation between
perature feedback. water vapor and lapse rate changes that occur in global

climate models (Zhang et al. 1994). For the above rea-
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sons it is critically important to understand the vertical Brazilian basin, and the Indonesian region, where the trade
distribution of water vapor in the atmosphere, its hori- winds bring in large amounts of water vapor to support
zontal variation around the globe, and the processes thatrong convection. At higher latitudes, water vapor is

maintain this global water vapor distribution. generally more abundant over ocean than over land. Since
most of the ocean is in the Southern Hemisphere, the
2.2.4.2 Water vapor distribution and variability longitudinal distribution of the total precipitable water is

Until recently our knowledge of the global water vapor smoother in the Southern Hemisphere than in the Northern
distribution derived primarily from global weather analy- Hemisphere.
ses based mostly on radiosonde observations. In the last The specific humidity decreases nearly exponen-
few years these global analyses have begun to take bettéelly with height. This is because temperature decreases
advantage of the water vapor information available fromnearly linearly with height and saturation vapor pressure
conventional polar-orbiting meteorological sounders. Inis an exponential function of temperature. The vertical
addition, several attempts to make self-consistent watedistribution of specific humidity ranges over several or-
vapor data sets based on satellite sounding data have beders of magnitude. More than 50% of the water vapor is
initiated, including the TIROS Operational Vertical contained in the region below the 850-mb level, while
Sounder (TOVS) Pathfinder project under EOS. Othermore than 90% is confined in the region below the 500-
useful data sets include those derived from geosynchromb level (Peixoto and Oort 1992). The relative humidity
nous satellites that afford high temporal and spatialalso decreases with height. Minimum relative humidity
resolution to follow the influence of MCS on water vapor is found in the subtropical regions and land-locked desert
(Soden and Bretherton 1993; Udelhofen and Hartmanrregions.
1995), and high-vertical-resolution observations of wa- Data from EOS instruments will improve the qual-
ter vapor in the upper troposphere from limb-scanningity of global measurements of the water vapor distribution.
instruments such as the Stratospheric Aerosol and Gak particular, the combination of AIRS, AMSU, and HSB
Experiment (SAGE) (Rind et al. 1993) and MLS (Read will provide more-precise simultaneous measurements of
et al. 1995). Wu et al. (1993) and Bates et al. (1996) alsdaemperature and humidity in the troposphere, with better
developed an intercalibrated satellite upper tropospheriosertical resolution than is currently available. Vertical reso-
water vapor data set using the High-Resolution Infraredlution is particularly important because climate feedbacks
Radiation Sounder (HIRS) on National Oceanic and At- are sensitive to the vertical distribution of water vapor
mospheric Administration (NOAA) polar- orbiting and temperature. Also, the vertical structure gives infor-
satellites. Figure 2.11 (from Read et al. 1995) shows thenation about the mechanisms that maintain the water
strong association between humidity at 200 mb and deepapor distribution. Limb-scanning instruments such as
convective cloudiness. These satellite observations proMLS, SAGE IIl, and HIRDLS will measure the vertical
vide homogeneous sampled observations of precipitablevater vapor profiles from middle troposphere to strato-
water and water vapor for the lower, middle, and uppersphere with 200-km horizontal and 1-km vertical
troposphere and stratosphere. The typical accuracy is 20%esolution. They will provide improved vertical resolu-
for specific humidity and 10% for relative humidity. These tion in the upper troposphere, and, because it is a
accuracies are good enough to study the global water vamicrowave sensor, MLS will not be affected by the pres-
por climatology and seasonal variation, marginally goodence of cirrus clouds in this region. Together with
enough to study the large-scale features of interannuamore-accurate observations of thin cirrus clouds, these
variation, but not adequate to study the long-term trendslata can provide critical information on the effects of con-
of water vapor and water-vapor processes. vection and cirrus clouds on upper-troposphere and
Water vapor varies rather smoothly with longitude lower-stratosphere water vapor.
but decreases rapidly poleward. The annual mean value
of the column-integrated water vapor, or total precipitable2.2.4.3 Maintenance of the global water vapor distribu-
water, ranges by a factor of 10-20 fre50 kg m? in the tion
equatorial region to <5 kgin the Arctic and to <2.kg
m-2 in the Antarctic (Peixoto and Oort 1992). 2.2.4.3.1 Role of convection and clouds
Longitudinally, the total precipitable water varies by a The source of water vapor is evaporation from the sur-
factor of <3 and is affected by land-ocean distribution face. The climate system is in balance to first order, so
and monsoon circulations. In the equatorial region, thethat the globally-averaged precipitation rate is approxi-
most humid regions are located in the Congo basin, thenately equal to the evaporation rate. Precipitation occurs
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primarily in association with convection and clouds, so of mixing along isentropic surfaces (e.g., Kelly et al. 1991,
that convection and clouds are the sink regions for watetYang and Pierrehumbert 1994). Such mixing can play an
vapor in the atmosphere. If one thinks of the vertical dis-important role in drying the troposphere because isen-
tribution of water vapor, however, convection carries watertropic surfaces slope upward with latitude. Air is thus
from the lower to the upper troposphere, so that as far adehydrated by condensation and precipitation as it moves
the atmosphere above the planetary boundary layer ipoleward and upward, and when it returns equatorward it
concerned, convection is a source of water vapor. This igrovides a source of very dry air to lower latitudes and
especially true in the tropics, where large-scale motionsaltitudes. Offsetting this drying action must be a cross-
mostly dry the troposphere by subsidence, and convecisentrope flow of water, either through diabatic advection
tion is the only major source of upper-tropospheric wateror small-scale cross-isentrope transport of water, such as
vapor. The mechanisms whereby convection humidifiesby penetrative convection.
the upper troposphere have not been well quantified, and The effect of large-scale motion on water vapor
the changes in the relative efficiency of the drying andtransport can be examined by studying the interannual
moistening mechanisms for the upper troposphere thathanges of global water vapor distribution and transport
would occur in association with a global climate warm- using satellite observations and 4-D data assimilation.
ing are not known at all. These changes may have dnterannual changes of deep convection in the equatorial
profound effect on climate sensitivity and need to be un-Pacific associated with the ENSO dramatically alter the
derstood. distribution of upper tropospheric moisture (Soden and
EOS spaceborne measurements will provide ac-Fu 1995; Bates et al. 1996) as well as global circulation
curate high-spatial-resolution measurements of watempatterns (e.g., Wallace and Gutzler 1981; Lau and Nath
vapor and temperature profiles, together with cloud prop-1994). Since the influence of large changes in tempera-
erties such as cloud-top height, visible optical depth, andure and surface fluxes upon the moisture field is small
mean cloud-particle radius. Instruments such as AIRS/compared to the seasonal changes, the impact of atmo-
AMSU/HSB, MODIS, MISR, EOSP, and GLAS may pro- spheric motion on the water vapor field is more robust.
vide measurements of thin cirrus occurrence with veryThe analysis of TOVS upper tropospheric relative humid-
good height information for cirrus that are too thin to be ity index and water vapor transport assimilated by the
detected by passive means. These data, combined witGEOS DAS suggests that the 1987 El Nifio affected the
wind estimates from data assimilation and in situ mea-tropics-extratropics water vapor transport and thus upper
surements from carefully-designed field programs, will tropospheric humidity in the mid-latitudes (Fu and Soden
provide a much better understanding of the mechanism4996). Quantifying these changes can provide critical in-
whereby the moisture balance of the troposphere is mainformation to assess the effect of large-scale motion on
tained. With this information it will be possible to validate water vapor transport and distribution, but is not possible
better physical parameterizations for the convective in-with the accuracy of the current data sets. The EOS AIRS,
jection of moisture into the upper troposphere and gainAMSU, and HSB will provide specific humidity at 10%
more confidence in the simulation of water-vapor feed- accuracy. With a more-accurate atmospheric heating field
back in climate models. Investigations underway within provided by CERES, MODIS, GLAS, and SAGE lIl, the
the EOS IDS investigations are poised to take advantagassimilated wind fields by the GEOS DAS will be more
of these new data and provide the diagnostic and modelreliable. Thus, the water vapor transport and distribution
ing studies to translate them into improved climate can be more-accurately estimated and the impact of large-

predictions. scale motion on water vapor can be estimated
quantitatively.
2.2.4.3.2 Role of large-scale atmospheric motions Measuring the effect of large-scale motions on the

Large-scale atmospheric motions also have a controllingvater vapor budget of the troposphere and lower strato-
effect on the distribution of water vapor in the atmosphere.sphere requires very accurate fields of winds, water vapor,
In regions of mean descent the water vapor concentratiomnd heating rate. These fields will be obtained through
is greatly suppressed. The effect is offset by lateral mix-the assimilation of EOS radiances into dynamical mod-
ing by large-scale motions from regions where water vaporels, followed by detailed diagnostic and sensitivity studies.
is injected into the troposphere (e.g., Peixoto and OortKey EOS instruments include AIRS/AMSU/HSB for tem-
1992, Chapter 12). In the upper troposphere and loweperature and humidity profiles, and AMSR-E for
stratosphere, some aspects of the distribution of wateprecipitable water.

vapor can be understood by considering the important role
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2.2.4.3.3 Role of surface temperature and these interact very strongly with the water vapor dis-
The importance of surface temperature for the global disribution.
tribution of water vapor can be easily appreciated from There are many reasons why simulations of water
the high correlation between water vapor over the oceansapor in climate models are very difficult. The water va-
and SST. The monthly mean precipitable water above thgpor gradient is large, especially in the vertical where spe-
oceans can generally be prescribed from the SSTeific humidity varies by several orders of magnitude. To
(Stephens 1990). Location and season seem to have littleroperly compute water vapor transport in the atmosphere
effect on the relationship. This close relationship reflectsrequires high spatial resolution in both the horizontal and
the fact that SST, atmospheric circulation, and convec-vertical directions. The spatial resolution of current GCMs
tive activities are highly interactive. Also, most of the total is not sufficiently high, and many of the numerical
precipitable water is near the surface where it is highlyschemes have difficulty conserving the water vapor field
influenced by the saturation vapor pressure associated witfRasch and Williamson 1990). Parameterizations of sub-
the SST. grid boundary-layer processes, convection, and soil mois-
A key consideration in global climate change re- ture are difficult. The thick anvil clouds associated with
search and forecasting is how the humidity distribution deep cumulus towers contain a huge number of ice par-
will respond to a climate forcing that increases the sur-ticles. These particles detrain away from the convection
face temperature. The first guess has traditionally beenegions and are the main source of humidity in the middle
that the distribution of relative humidity will remain ap- and upper troposphere of the broad subtropical subsid-
proximately fixed in some averaged climatological sense,ence region (Sun and Lindzen 1993). Climate models are
so that increases in surface temperature will result in sigonly beginning to explicitly account for cloud water and
nificant increases in the mixing ratio of water vapor in ice, their transport, and their evaporation to provide a
the atmosphere. These changes have consequences for thaurce of water vapor in the free atmosphere. EOS data
climate through the greenhouse effect of water vapor, andvill play an important role in validating the new genera-
also for the hydrological cycle through the increased ca-tion of climate models that explicitly include cloud water
pability of the atmosphere to both provide moisture in and ice, both in terms of the cloud simulation and the
regions of precipitation and also to carry it away from interaction of the cloud simulation with the water vapor
regions of new moisture deficit. The interactions amongbudget.
the water vapor distribution, surface temperature, and the Despite the difficulties encountered in computing
hydrologic cycle over land and ocean are critically im- water vapor transport, many climate models simulate the
portant, and the EOS observations and scientificglobal water vapor field reasonably well. The most reli-
investigations are directed toward a more-integrated unable element of the water vapor simulation is the total
derstanding of these connections and their role inprecipitable water. Comparisons of observations and 28
determining the future climate of the Earth. The combi- AMIP GCMs show that the models tend to underestimate
nation of detailed information on clouds and precipitable water over Northern America, over the zonal
more-accurate information on the vertical distribution of band 35°N-50°N, and globally (Gaffen et al. 1995). The
water vapor will be used by several EOS IDS investiga-mean seasonal cycles are reasonably well simulated, but
tions to better understand the processes that maintain wat&ith a wide range among models. There is a clear ten-
vapor in the atmosphere and the potential role of thesalency for the models to overestimate the poleward

processes in climate sensitivity and change. transport over much of the globe.
Due to the lack of a global data set, it is very diffi-
2.2.4.4 Water vapor in global climate models cult to validate the model simulations of the

Global climate models contain an explicit atmospheric upper-tropospheric water vapor. Satellite-inferred humid-
moisture balance equation, which includes evaporationity fields, such as those inferred from SAGE, TOVS, and
from the surface, transport through the atmosphere, anthe Geostationary Operational Environmental Satellite
precipitation. These models typically produce a strong(GOES) radiance measurements, have been used to evalu-
water vapor feedback when they are forced with doubledate the validity of model simulations. There are a few
carbon dioxide, or some other climate forcing, and thisstudies addressing the field of relative humidity but none
feedback contributes a significant part of the temperatureaddressing specific humidity. Nevertheless, some GCMs
increase (Hansen et al. 1984; Cess et al. 1990). Attemptare able to simulate either the seasonal variation of the
are currently being made to include explicit cloud water upper-tropospheric relative humidity (Rind et al. 1991)
and ice budgets as part of the climate modeling procesr the large-scale pattern of the upper-tropospheric rela-
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tive humidity as indicated by the brightness temperaturephysical processes. Its purpose is to provide research qual-
in the water vapor absorption band (Salathé et al. 1995)ity data sets suitable for climate studies.

An important issue is the insertion of thgQHin- Long-term radiosonde measurements of water va-
formation from the EOS sensors into research andpor have been made routinely at selected locations over
operational NWP assimilation systems. Water vapor island. For temperatures below -40°C and relative humidi-
important for the initialization of weather forecasts, and ties below 20%, radiosonde measurements are not
major centers are directly incorporating radiance infor- accurate. Consequently, few radiosonde measurements are
mation from sounding channels designed to detect theavailable in the upper troposphere (Peixoto and Oort
vertical distribution of water vapor in the atmosphere. A 1983). The sensitivity of OLR to a given mass of water
data assimilation product to be generated within the EOSrapor peaks at the rather cold temperatures and low hu-
program, GEOS-1, can be expected to apply the fullmidities of the upper troposphere, so that these
complement of EOS #D sensors in determining the best observational problems are serious. The density of sound-
water vapor fields. If operational weather prediction cen-ing is rather high in North America and Europe but not in
ters are given the applicable forward radiative transferother regions. Except for a few island stations, there are
models to compute the observed radiances, given the hysractically no upper-air soundings over the oceans. Com-
midity and temperature profiles, and are then suppliedpared to satellite-retrieved water vapor data, the
with the observed radiances within 2-3 hours after theyradiosonde measurements have a high vertical resolution
are observed, they are likely to incorporate EOS data intdout usually are made only twice a day. Radiosonde mea-
their analysis/forecast cycle. This will benefit the fore- surements of water vapor suffer from various degrees of
casts issued and will also help in developing the optimaluncertainties. For the United States, radiosondes using
water vapor fields for use in research and monitoring. Rathe carbon hygrister humidity sensor have problems that

diation interacts with clouds at all scales. have been identified. Errors approaching 25% are reported
(Wade 1994). Nevertheless, radiosonding of the water
2.2.4.5 Needed observations of water vapor vapor in the middle and lower atmosphere is used for the
validation of passive remote sensing of water vapor be-
2.2.4.5.1 Available climatologies cause of its availability and traditional acceptance as the

A number of estimates of the climatological water vapor standard of reliability. Validation in the upper troposphere,
distribution are currently available. These come from op-particularly in the tropics, is sorely lacking. Airborne mea-
erational analyses at the National Centers forsurements may make a significant contribution in this area
Environmental Prediction (NCEP) (formerly the National in the near future. Humidity sounders may be placed on
Meteorological Center [NMC]) and the European Centre commercial aircraft, and additional flights of manned and
for Medium-Range Weather Forecasts (ECMWF), from unmanned research aircraft are needed.
special satellite data processing studies such as the TOVS The global distribution of water vapor is also de-
Pathfinder, the GEWEX GVAP Project, and from attempts rived from satellite measurements of radiances in the solar,
to provide high-spatial-and-temporal-resolution fields thermal IR, and microwave spectral bands. Operational-
from geosynchronous satellites. All of these data sets sufand research-mode water vapor profiles are derived from
fer from one or more deficiencies that make them TOVS on NOAA satellites (Smith and Woolf 1976;
inadequate for detailed process studies, interannual variSusskind et al. 1987). The total precipitable water (PW)
ability studies, and long-term trends studies. Most areover the oceans has been successfully retrieved from sat-
poorly calibrated or are based on an analysis system thatllite microwave radiance measurements, such as SMMR
changes with time. Most have rather poor vertical resolu-and SSM/I (Prabhakara et al. 1985; Wentz 1994). Due to
tion, which makes it difficult to diagnose the processesthe high variability of land emissivity, microwave radi-
that lead to the vertical distribution of water in the atmo- ometry is not used to retrieve PW over land. Itis generally
sphere. believed that the accuracy of PW retrieval is better than
Three-dimensional and time-continuous global 10%.
water vapor data sets have been produced from four-di- Water vapor in the stratosphere and the upper tro-
mensional data assimilations (Bengtsson and Shukla 198gosphere has been routinely retrieved from the SAGE I
Kalnay and Jenne 1991; Schubert et al. 1995). Water vasolar occultation instrument since 1985 (Rind et al. 1993).
por data from radiosonde and satellite measurements aréhe SAGE |l water vapor has a high vertical resolution
integrated into global climate models. The assimilatedof 1 km but a low horizontal resolution of several hun-
field is thus consistent with measurements and modeledired kilometers. It also has a low sampling rate, with only
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a few observations per month in equatorial regions, and it  resolution water vapor measurements for calibration
can only detect the humidity in regions that are cloud- and validation. Even radiosondes cannot provide such
free, so its sampling frequency in the upper troposphere measurements, especially in the upper troposphere.
is further reduced. The MLS gives a somewhat better spa-

tial coverage in the upper troposphere because it is less The EOS instruments, particularly AIRS/AMSU/

sensitive to thin clouds (Read et al. 1995). HSB, seek to provide better vertical resolution and better
calibration for tropospheric water vapor measurements.
2.2.45.2 Needed improvements Improved horizontal- and vertical-resolution measure-

In every respect, the available water vapor data sets arments in the stratosphere will be provided by HIRDLS
inadequate for climate studies. Radiosondes are limitecand MLS. SAGE Il will provide very accurate monitor-
to land areas with an uneven geographical distribution,ing of water vapor trends in the stratosphere.
and satellite retrievals suffer from poor vertical resolu- High-vertical-resolution measurements in the upper tro-
tion and accuracy. It can be anticipated that global datgposphere in the presence of thin clouds will be provided
sets with high spatial resolution (both horizontal and ver-by MLS. Assimilation of all of these data into a global
tical) must come from satellite measurements. The areaanalysis using a high-quality assimilation system will pro-
that need the most improvement are: vide data sets necessary for studying and monitoring
atmospheric water vapor.
e \Vertical resolution of water vapor, especially over
oceans.Most important convection and cloud pro- 2.2.5 Precipitation
cesses are small scale (Starr and Melfi 1991).
Information on high-vertical-resolution water vapor 2.2.5.1 Role and importance of precipitation
distribution is essential for understanding and param-Rainfall is essential for the existence of the Earth’s popu-
eterizing these processes. Current satellite-retrievalation. It determines the distribution of vegetation, food
techniques cannot resolve water vapor distribution supply, and habitats of the diverse living species of plants
within a layer ot=3-4 km thick. and animals. Rainfall maintains life, but excessive as well
as deficient rainfall may cause loss of life, property dam-
» Upper-tropospheric specific humidityhe outgoing  age, and failure of crops, resulting in widespread
longwave radiation and, hence, the greenhouse effecsocio-economic hardships. Tropical or midlatitude cy-
are sensitive to the specific humidity in the upper tro- clones, thunderstorms, typhoons, or hurricanes that
posphere. Currently, the upper-tropospheric humidity produce excessive rainfall become major natural disas-
cannot be obtained from radiosonde measurementsters and afflict many nations. While flash floods can occur
Current satellite retrievals of the upper-troposphericin a relatively short time, from a few hours to a few days,
humidity have either poor vertical resolution (HIRS the effect of drought is often more widespread and lasts
and GOES/Meteosat), or low data sampling rate much longer and may produce even more-disastrous ef-
(SAGE Il). A substantial improvement in vertical reso- fects. During severe drought, crops fail and topsoils are
lution, accuracy, and spatial sampling is expected fromblown away, often forcing massive migration, starvation,
AIRS/AMSU/HSB on the EOS PM-1 satellite. and death of people and animals. The severe drought of
the Sahel in the 1980s, which lasted for close to a decade,
« Water vapor content in the planetary boundary layer. is a grim example.
Convective activities depend critically on the proper- In addition to having a direct impact on human
ties of the planetary boundary layer. Due to the effectsociety, rainfall plays a central role in governing the cli-
of surface temperature on the satellite-radiance meamate of the Earth. The latent-heat release in convection is
surement and the inherent low vertical resolution of the main source of energy that drives the general circula-
the satellite water vapor retrievals, accurate retrievalstion of the atmosphere, since much of the solar radiation
of water vapor content in the planetary boundary layerabsorbed by the Earth is used to evaporate water, which
are not currently available. later condenses to release latent heat in the atmosphere
during precipitation. It is responsible for many scales of
» High-accuracy, high-vertical-resolution ground-based tropical motions ranging from hurricanes, tropical cy-
lidar measurement®evelopments of methodologies clones, and monsoon depressions, to the much-larger-scale
for retrieving water vapor from satellite-radiance mea- intraseasonal oscillation, Walker circulation, and Hadley
surements require high-accuracy and high-vertical-circulation. Not only is tropical rainfall essential in main-
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taining atmospheric motions in the tropics, it is known to of cloud populations. The interaction between the latent
have strong influence on weather and climate in theheating from precipitation and the radiation heating due
extratropics. Latent-heat release in tropical convectionto clouds and water sets up a large spatial gradient in total
forces atmospheric motions that disperse heat and moidieating in the interior of the atmosphere and at the Earth’s
ture into the extratropics, diverting subtropical jetstreams,surface. This heating gradient is key to driving atmo-

and altering rainfall patterns in midlatitudes. spheric large-scale mean motions in the tropics, such as
the Walker and Hadley circulations, and the transient ed-
2.2.5.1.1 Role in climate system operation dies in the extratropics. These motions produce the mean

From a climate system point of view, rainfall is a key meridional transport of heat which is required to main-
agent that connects the Earth’s oceans, atmosphere, landiin the equilibrium equator-to-pole temperature
and the biosphere through the global hydrologic cycle.difference of the present climate. It has been estimated
Water vapor evaporated over the tropical and subtropicathat between the clear and cloudy region, such as the ITCZ
oceans is partially released locally in the form of rainfall and the subtropical subsidence region, the horizontal la-
in convection and partially transported away from the tent-heating gradient due to precipitation is about twice
place of origin. The continental land surface receives itsas large as the radiation heating set up by clouds and wa-
moisture supply via surface precipitation through a com-ter vapor (Stephens and Webster 1984). While latent
bination of local recycling processes and import of heating due to deep convection tends to be concentrated
moisture from the adjacent oceans. The water receiveéh the midtroposphere, cooling from cloud shielding of
by the land is given up in part to the atmosphere by evaposhortwave tends to occur most strongly at the surface.
ration from the land surface or evapotranspiration fromConsequently, the net heating gradient in the vertical is
plants and trees. Except for a fraction of the water that isltered, leading to either enhanced stability (reduced pre-
stored as underground water or as snow cover, most dfipitation) or reduced stability (increased precipitation).
the net fresh water input on the land surface is returned to Precipitation also plays an important role in the
the ocean through river run-off, thus completing the hy-Earth’s climate control through its influence on ocean tem-
drologic cycle. The global precipitation rate determinesperature and circulation. Input of fresh water from
the average “residence time” of water substance in therecipitation on the ocean surface may alter the salinity
atmosphere, ocean, and land, which sets the internal clockend hence the density gradient in the ocean, resulting in
within these different components of the climate system.alterations of ocean dynamics. Examples of regions where
It is estimated that the replacement time scale (the resetthe precipitation-induced salinity changes may have an
voir size divided by the precipitation rate) is on the ordereffect on ocean dynamics, which may have an impact on
of 10 days for the atmosphere (the fast componerit), 10 global climate, are the tropical western Pacific warm pool
1C® days for the land (the intermediate component), andand the North Atlantic region. The former is the region
10%-10° days for the upper ocean (the slow component).for the TOGA COARE field experiment, which is aimed
The Earth climate system evolves as a complex interplayt providing a better understanding of the coupling be-
among processes partaking in the fast, intermediate, antiveen atmospheric hydrologic processes, in particular
slow components giving rise to a myriad of fundamentalprecipitation, and surface fluxes over the warm pool re-
climatic spatial and temporal time scales. gion (Webster and Lukas 1992). Fresh water input in the
On the intermediate-to-slow time scale, clouds andtropical western Pacific may have an influence on the tim-
water vapor are two of the most important factors thating and duration of major El Nifio events. Similarly, the
determine the Earth’s climate, by virtue of their ability to fresh water input at high latitudes may alter the large-
reflect or absorb solar radiation and to re-emit longwavescale ocean circulation and impact climate in the North
radiation. Both clouds and water vapor are intimately re-Atlantic region (see discussion in Section 2.2.5.1.2).
lated to precipitation. Water vapor is transported from the Finally, itis common knowledge that precipitation
surface to the upper troposphere by strong updrafts ins essential for the survival of the biosphere. Without pre-
moist convection, while cool, dry air is brought down by cipitation, vegetation disappears and land turns into desert.
convectively induced downdrafts. The amount of waterRecent modeling studies have established that the land-
vapor that remains in the atmosphere and the amount cfurface vegetation may provide a positive feedback on
water substance in clouds in the atmosphere are thereforainfall through its ability to: (a) evapotranspire, (b) trap
dependent on how much atmospheric water is depletedolar radiation within leaf organizations, (c) regulate
by precipitation. Measurements of precipitation are there-evapotranspiration by stomatal control, and (d) modify
fore central to a better understanding of the maintenancégenerally increase) the surface roughness on the scale of
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Ficure 2.12
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Annual average (1987-1994) precipitation measurements from the Global Precipitation Climatology Project (GPCP).

turbulent eddies. Model sensitivity studies have shownprojections from climate models. Given the uncertainties
that the above biogeophysical effects, both individually of precipitation prediction in climate models (see Section
and jointly, have produced increased rainfall over differ- 2.2.5.5), these projections should be considered extremely
ent regions of the world. Model experiments on tentative. Based on the IPCC report (Houghton et al.
deforestation areas such as the Amazon have shown a si§996), the following scenarios for precipitation are pos-
nificant impact of precipitation on the regional scale. From sible due to global warming. Due to doubling of £O

a synthesis of modeling results of the last decade, it haghere will be an increase in global precipitation from 3-
been shown that the biosphere-atmosphere interaction$5%, mostly in the higher latitudes during the boreal
play an important role in redistributing continental pre- winter. This increase is related to the dependence of satu-
cipitation to fulfill the survival and growth requirements ration vapor pressure on temperature and to the poleward
of different biomes: forests, pasture, agricultural lands,movement of the midlatitude oceanic storm tracks. In a
and deserts. However, studies of the scale dependence wfarmed climate the drying season commences earlier and
the vegetation influence on global precipitation patternsthe soil moisture content in mid-to-late summer may be
are still rudimentary and have many uncertainties. For adecreased. This warming and drying may be amplified
better understanding of precipitation-biosphere interac-through the summer by enhanced solar heating because
tion, improved representation of hydrologic processes,of the drier surface and associated reduction in cloudi-
systematic investigations, and observational collabora-ness. Climate models show reasonable agreement in terms

tions are essential. of the occurrence of the summer land warming and dry-
ing in midlatitudes due to global warming. Changes in
2.2.5.1.2 Importance in global change scenarios the monsoon circulation can also be expected. Model re-

Because of the lack of long-term global data, the possiblesults from IPCC suggested that the East Asian monsoon
effects of global warming on precipitation rely mainly on may be strengthened because of the increased thermal
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Ficure 2.13

Summary of large-scale climate anomalies associated with the warm phase of the ENSO cycle during the Northern
Hemisphere winter (Ropelewski and Halpert 1987,used with permission from the American Meteorological Society).

contrast between the Eurasian landmass and the tropicditom thundershowers that last from several minutes over
oceans, which are least sensitive to global warming (Helda distance of less than a kilometer to displacements of
1993). major precipitation systems that cover distances of thou-
The before-mentioned possible global change scesands of kilometers and last over several years. Because
narios are for equilibrium climate, which may take of the wide range of variability, the long-term, accurate
hundreds of years to reach. The real impact of globalmapping of global precipitation is a daunting task. To
change depends upon the way the Earth’s climate evolvesbtain a global rainfall map, land-based rain gauge, satel-
from the present to the future equilibrium climate. Hencelite-derived oceanic rainfall, and sometimes
the transient response to anthropogenic forcing over thenodel-generated rainfalls are often blended in an opti-
next 50-to-100 years is most important. Here, the effectmal way to minimize the bias from each individual
of the ocean is paramount, and changes of precipitatiorestimate. Figure 2.12 shows a typical annual distribution
may play a critical role. Coupled models suggest that theof rainfall from the Global Precipitation Climatology
increase in precipitation at high latitudes may result in aProject (GPCP) (Huffman et al. 1995). The major rainy
deceleration of the Atlantic oceanic meridional circula- zones include the eastern Pacific Intertropical Conver-
tion, causing a reduction in the oceanic transport of heagence Zone (ITCZ), the South Pacific Convergence Zone
from tropics to extratropics. This reduction in heat trans- (SPCZ), the Asian monsoon, and the rainbelt over the
port may lead to a delayed warming or even a temporarilyAmazon and central Africa.
cooler climate over the North Atlantic region as global These rainfall patterns undergo large annual cycle
warming progresses. A similar mechanism will cause avariations (not shown). Most important, there is strong
delayed warming in the southern oceanic regions (Heldyear-to-year variability in the precipitation pattern. Fig-
1993; Manabe et al. 1991). Monitoring precipitation over ure 2.13 shows the composite changes in precipitation
the oceans will put us in a better position to detect thepatterns associated with an ENSO event including the tim-
fingerprints of global warming and to develop sound poli- ing of the extreme over different regions. Widespread
cies for global change. drought conditions can be found over the maritime conti-
nent, northern and central Australia, northern India,
2.2.5.2 Spatial and temporal distribution of precipita- northern Brazil, Central America, and southeast Africa.
tion Flood conditions are found over the equatorial central
The distribution of precipitation is highly inhomogeneous Pacific, the west coast and southeast coasts of South
in space and time. The spatial and temporal scales rang&merica, and the southeast and southwest United States.
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In the tropics, the precipitation pattern shifts are very ro-veillance Radar-1988 Doppler (WSR-88D) system that
bust and are directly related to the changes in tropicaWill replace the current meteorological radar system. The
SST due to ENSO. In the extratropics, the changes in prefirst WSR-88D system was installed near Oklahoma City,
cipitation result from alteration of the subtropical Oklahoma, in 1990. When the last installation is com-
jetstreams and wintertime storm tracks, and have muctpleted during 1996, a NEXRAD network consisting of at
larger variability. There are also other observed trends andeast 136 operational WSR-88D systems will cover most
large interannual and possibly interdecadal changes irof the contiguous United States and provide quality high-
precipitation that are not related to ENSO. An example isresolution, real-time-processed precipitation data. Weather
the dramatic and prolonged decrease in rainfall in the Saheladar systems have been developed in Europe (European
region from the early 1970s to the late 1980s. There ar&€ommunities COST-73 Weather Radar Network), Japan
speculations that desertification induced by overgrazing(the Japanese Weather Radar Network), Australia, and
may have been responsible for the prolonged droughtnany other countries; however, there is no worldwide ra-
(Charney 1975). Another plausible explanation is that thedar database yet.

observed precipitation “trend” is a part of the natural Because rain gauge observations are point values,
decadal or bidecadal oscillation in SST in the coupledit is necessary to apply interpolations, such as distance
ocean-atmosphere system. At present, there is no geneweighting and Kriging, to render the spatial distribution
ally-accepted explanation for the occurrence of such aof precipitation. However, highly-inhomogeneous char-
prolonged drought, much less a method to predict its oc-acteristics of precipitation distribution (described in

currence. Section 2.2.5.2) require an unmanageably high-density
gauge network. On the other hand, because radar images
2.2.5.3 Integration of ground data provide the high-resolution, real-time precipitation dis-

Surface observations of precipitation play an importanttribution, compositing techniques have been developed
role in the validation and calibration of remote sensingthat use high-quality gauge measurements within the ra-
and model-based estimates of large-scale precipitatiomar image to calibrate the precipitation quantity. These
patterns. Rainfall measurements from rain gauge networksomposite gauge-radar data are considered more reliable
have been traditionally regarded as the “ground truth” offor climate studies. Climate statistics also offer alterna-
precipitation. Recently, ground-based radar data have alstive means to integrate precipitation.
been used to improve sparse rain gauge-derived precipi-
tation data. However, it should be mentioned that, for both2.2.5.4 Precipitation in climate models
oceans and remote areas of the globe, precipitation i8ecause precipitation is a noisy field, it is one of the most
poorly observed and almost no ground data are availablelifficult hydrologic parameters for which to validate simu-
for these locations. lations. At present the reliability of precipitation estimates
In order to serve the needs of climate study, greatin climate models is not very high. Yet it should be noted
efforts have been made to collect ground precipitation datahat uncertainties in global rainfall estimation, especially
over the globe. In the United States, the National Climaticover the oceans, are as large if not larger than those among
Data Center (NCDC) routinely archives hourly and 15- climate models. Recently, an intercomparison study of
minute precipitation data from over 5,000 stations precipitation processes in over 30 state-of-the-art global-
nationwide. Legates and Willmott (1990) published a climate models has been carried out under the AMIP. The
mean seasonal variability in gauge-corrected global preresult of AMIP should provide a snapshot of the current
cipitation. Recently, Legates has created a global-mearcapability of global-climate models in precipitation simu-
monthly precipitation archive based on surface and shigation. The following is a summary of the results for the
observations. In addition, the database of the Global His- AMIP global-climate models (Lau et al. 1995).
torical Climatology Network (GHCN) contains monthly
total precipitation from 7533 stations throughout the ¢ Most models are able to produce a global precipita-
world. Both of these databases are now accessible through tion rate to within 10-20% of the observed, which is
EOSDIS. The GPCP seeks to construct an optimal global comparable to the standard deviation among “obser-
data set from microwave, IR, and in situ data. A global, vations.”
two-year, 2.5-degree data set for 1987-1988 is currently
available (http://orbit-net.nesdis.noaa.gov/gpcp/). ¢ Most models show a conservation of water substance,
The Next Generation Weather Radar (NEXRAD) to within 5-10%. Because of the possible large errors
program of the United States has made great efforts to in regional water balance associated with a 5% error
develop, procure, and deploy an advanced Weather Sur- in global water balance, it is not clear that climate
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models with that level of deficiency can be tolerated shorter time intervals over selected target regions are both
for global-change regional precipitation assessmentdesirable. Because it is impossible to set up uniform net-
Models that have Evaporation-Precipitation (E-P) im- works of rain gauges over the entire globe, satellite rainfall
balance over 10% are clearly not suited for long-termretrieval algorithms will play a vital role in producing re-
climate water resource assessments. alistic global rainfall distributions. The synergistic use of
remote-sensing, ground-based, and model-based rainfall
» While most models can simulate the annual cycle reainformation is of paramount importance.
sonably well, compared with the observations in a Satellite retrieval of rainfall has a heritage begin-
region with strong annual cycles, models generally ning with the passive microwave measurements made by
have problems in simulating the annual cycle in a re-the Electrically Scanning Microwave Radiometer (ESMR)
gion of strong dynamical control, i.®;E > 0. on board Nimbus-5, SMMR on Nimbus-7, and SSM/I on
the Defense Department satellites and the Microwave
« Models differ substantially in regional- and subconti- Sounding Unit (MSU) on NOAA polar-orbiting satellites.
nental-scale rainfall variability. Model rainfall In addition, AVHRR on NOAA operational satellites and
estimates disagree most in the eastern Pacific ITCZgimilar IR sensors on geostationary weather satellites,
the South and Southeast Asian monsoon, and the MexiGOES and the Japanese Geostationary Meteorological
can region. All models underestimate the northward Satellite (GMS), have provided extremely useful estimates
advance and the intensity of the East Asian summerof rainfall. Both the microwave and the IR measurements
rainbelt. The extratropical wintertime rain belts are also have their inherent drawbacks. For example, microwave
underestimated in most models. measurements are reliable over the oceans but not over
land because of the large variation of background emis-
« Allmodels underestimate the frequency of occurrencesivity over land. IR measurements rely on relationships
of the light-rain category (< 1 mm d&y This may be ~ between cloud top temperature and rainfall, which may
related to the poor treatment of shallow clouds andvary greatly in different rainfall regimes and are indirect
stratocumulus in all climate models. at best. TRMM employs a suite of sensors including one
passive TMI, one VIS/IR scanner (VIRS), and one active
« Over 90% of the models show enhanced skill in pre-precipitation radar (PR), and aims at producing the best
diction of precipitation pattern changes due to rainfall estimation from space, which is based on algo-
SST-anomaly forcing from the ENSO. However, all rithms that combine measurements from all the sensors.
models show no skill in extratropical interannual rain- Within the EOS measurement system, the key in-
fall prediction. struments for precipitation measurement are the AMSR-E
and the HSB on the EOS PM-1 platform. While there may
« More than 30% of the models seem to have unrealisti-be an inherent sampling problem with precipitation mea-
cally strong land-lock convection and excessive surements based on a single satellite, because of the strong
rainfall over steep terrain. These may be due to thediurnal cycle in rainfall, it is expected to be eased by co-
deficiency in the vertical coordinates over steep ter-ordinated measurements by microwave and IR sensors
rain. Spurious, small-scale rainfall, likely due to flown by Europe and Japan. It is important that different
truncations and other basic numerical problems, is stillequator crossing times are maintained for these different
present in a number of the climate models. satellites, so that different parts of the diurnal cycle can
be sampled. It is expected that knowledge gained from
Given the above assessment, itis clear that climatel RMM will be used for guidance to improve the rainfall
models still have a long way to go before their precipita- estimates from combined satellites and sensors. The use
tion projections for climate change can be trusted withof hybrid algorithms, which combine IR and microwave
any reasonable level of reliability. information, will be pursued. While TRMM is uniquely
equipped to make measurements of precipitation over the
2.2.5.5 Needed satellite measurements and algorithms tropical regions, through a combination of passive and
To better understand the role of precipitation in driving active microwave instruments, it falls short of providing
the Earth’s climate and to validate global climate models,global coverage. Hence, the TRMM capability should be
quantitative information regarding the global distribution extended to higher latitudes with AMSR-class passive
of precipitation is essential. For understanding the phys-microwave sensors from sun-synchronous polar orbits
ics of precipitation processes and its interaction with landwith morning and afternoon crossing times. The Advanced
surfaces, daily sampling over the globe and sampling aEarth Observing Satellite Il (ADEOS-II) and METOP mis-
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sions will carry AMSR and the Multi-frequency Imaging in determining the amount and the distribution of water
Microwave Radiometer (MIMR), respectively. Both mis- vapor in the atmosphere. The dynamics of atmospheric
sions are suitable for sampling precipitation at high motions also determine the amount and types of clouds
latitudes; however, they will both be in midmorning or- in the atmosphere. The rising motions in the tropics and
bits. The SSM/I and SSM/IS passive microwave the subsidence in the subtropics associated with the Hadley
radiometers on the DMSP series can provide precipita-circulation are closely linked to the meridional distribu-
tion measurements, but these have less precision antion of E-P. Climatologically, the subtropics is a source
coarser spatial resolution than those from either AMSRof atmospheric moistur&¢P>0)and the equatorial and
or MIMR. Moreover, the DMSP measurements continue midlatitude regions are sinkE{P<0). Wthin the trop-
to be at dawn and dusk, which limits their utility for cap- ics, the eastern Pacific is a source and western Pacific a
turing the diurnal dynamics of precipitation processes.sink of atmospheric moisture, connected via the Walker
There is a need for sampling precipitation globally in an circulation. On a more-regional scale, the land regions of
early afternoon crossing orbit to complement the morn-the Asian monsoon act as a sink, and the adjacent oceans
ing measurements from the ESA and the National Spacare sources of moisture during the boreal summer mon-
Development Agency of Japan (NASDA) platforms. soon (Lau et al. 1995). The annual reversal of the surface
AMSR-E on the EOS PM-1 satellite is intended to achievewind and associated low-level moisture convergence play
this objective. Without AMSR-E or a similar passive mi- an important role in determining the distribution of pre-
crowave imager, a significant portion of the science cipitation and evaporation over the monsoon region.
supported by the EOS PM-1 mission will be seriously In addition, many weather and climate anomalies
compromised. Without an AMSR or MIMR, placement in the extratropics have been attributed to climate anoma-
of a modified TMI would at least accomplish the desired lies in the tropics, e.g., the Pacific-North American
diurnal sampling, although not at the desired spatial resoteleconnection pattern (Horel and Wallace 1981; Wallace
lution. and Gutzler 1981). This kind of remote response to local
forcing is effected by transport and energy dispersion via
2.2.6 Atmospheric circulation, hydrologic processes, the atmospheric circulation. Hence consideration of the
and climate atmospheric wind circulation is indispensable in order to
understand the role of the global hydrologic cycle, clouds,
2.2.6.1 Hydrologic processes and the tropospheric cir-water, and precipitation on regional and global climate
culation fluctuations.
As discussed in the previous chapters, hydrologic pro-
cesses due to clouds, water vapor, and precipitation arg.2.6.2 Large-scale circulation and climate feedback pro-
critically important in determining the Earth’s climate. cesses
The presence of these hydrologic parameters in the atmad-or long-term climate changes resulting from natural and
sphere significantly alters the Earth’s radiation budget, inanthropogenic causes, knowledge of the changes in the
particular in generating differential heating between theradiative forcing of the planet is of foremost importance.
tropics and the polar regions, between the ocean and thkis now recognized that, while the radiative forcings such
land, and between clear and cloudy regions. This differ-as that due to doubling of G@nay be small, feedback
ential heating is the main driver of the atmospheric processes in the climate system may amplify the initial
large-scale circulation. The essential component of theresponse to the radiative forcing, thus making it more de-
circulation is wind. tectable. These feedback processes involve the interaction
The continuity equation of water vapor for the at- of clouds, radiation, and dynamics and in many cases,
mospheric branch of the hydrologic cycle can be writtenespecially for seasonal-to-interannual time scales, the

in the following form: large-scale circulation plays a fundamental role. To fully
W understand climate feedback mechanisms, it is important
6_a - D.ED qva|:|: E-P to keep in mind that physical processes from cloud-scale
T

radiation to global circulation interactions are taking place
simultaneously at all time scales. In the recent debate re-
This equation shows the linking among the total garding the thermostat mechanisms for tropical SST
atmospheric columnar water vaporgVthe divergence  (Ramanathan and Collins 1991), many authors (Fu et al.
of vertically-integrated moisture by wind]-iquaD , 1992; Hartmann and Michelsen 1993; Lau et al. 1994,
evaporation E, and precipitation P. It is clear from this and others) have pointed to the importance of the large-
equation that moisture transport plays an important rolescale circulation vs. that due to local feedback as the
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fundamental mechanism for regulating tropical SST. governments. Currently, a reliable mapping of the global
Pierrenumbert (1994) argued that radiative cooling from wind distribution has relied mainly on four-dimensional
the dry atmosphere of the subsiding branch of the large-data assimilation systems. However, in the absence of real
scale circulation may be needed to balance the heatlata input over large regions, 4DDA data are mostly model
accumulated by the warm tropical ocean. Bony et al. climatologies. That is why the largest differences between
(1995) have shown that the sensitivity of the greenhousewind products for the major 4DDA systems, e.g., ECMWF
effect to SST is much larger for seasonal and interannualand NMC (Trenberth and Olsen 1988) are found over the
variations compared to climate-change estimates. It issouthern oceans. Similarly, observation system simula-
quite obvious that for seasonal-to-interannual changes, ittion experiments with lidar winds are found to have the
is the change in large-scale circulation, not local cloud- largest impact over the tropical and southern oceans
radiative processes, that is causing the large sensitivity(Baker et al. 1995). In the current EOS payloads for AM-
This is confirmed by the recent work of Lau et al. (1997), 1 and PM-1, there is no consideration for tropospheric
which shows that the sensitivity of outgoing longwave wind-measuring instruments. In the new EOS/ESE era,
radiation to SST is reduced by a factor of three when thewe should seriously consider a satellite wind-measure-
effect of the large-scale divergence is removed. Thus it isment system, such as a lidar, which depends on aerosol
extremely important to consider the contribution of the backscatter, to provide uniform, global, and continuous
large-scale circulation when using seasonal andwind coverage. These satellite winds will then be assimi-
interannual variability as surrogates for climate change. lated into state-of-the-art 4DDA systems to provide a
Atmospheric transport of energy and water by global wind measuring system in the troposphere. Im-
large-scale motions may also play a critical role in deter- proved tropospheric wind measurements will also allow
mining the amount of polar amplification associated with trajectory computations for atmospheric chemical species
climate change. Atmospheric motions carry more than halfthat will have an impact on global change.
of the poleward transport of energy at most latitudes, and

all of the transport into polar latitudes. 2.2.7 Strategy for combining observations and mod-
eling
2.2.6.3 Need for satellite measurements of wind To solve many of the scientific problems described in pre-

EOS will provide some very important measurements of ceding sections requires a thoughtful and careful
surface wind speed and direction over the oceans fromintegration of improved observations with improved
scatterometry (NASA SeaWinds scatterometer on theory and models. Figure 2.14 illustrates a strategy for
QuikSCAT and also on ADEOS II) and passive micro- combining EOS global satellite observations with criti-
wave remote sensing. These data will be particularly cal modeling and correlative observational efforts. None
critical for estimating air-sea exchanges of heat, momen-of these efforts alone can provide a high degree of confi-
tum, and moisture. dence in climate predictions, such as those used to study
For a proper description of the global tropospheric global-warming scenarios. At the largest time and space
circulation useful for climate studies, a global wind mea- scales, climate models must be tested against global sat-
surement accuracy of 2-3 nwith a horizontal resolution  ellite observations of temperature, humidity, precipitation,
of 100 km and a vertical resolution of about 1 km in the clouds, radiation, and large-scale wind fields. Current glo-
vertical, preferably higher resolution (0.5 km) in the plan- bal models do not perform adequately on this test,
etary boundary layer, with a temporal coverage of 6 hoursdiminishing our confidence in their predictions. Direct
is required (Baker et al. 1995). The current global radio- tuning of climate models to satellite observations must
sonde network for tropospheric wind measurements isbe avoided, however, as it invalidates the independence
grossly inadequate to provide this coverage, especiallyof the data, and provides no new or improved physics to
over the tropical and southern oceans and for the remotehe model. Instead, cloud-scale and regional-scale mod-
continental and desert regions. Yet these regions, such asls with more-advanced cloud physics and radiation
the central equatorial Pacific, the Indian Ocean, and thephysics must be tested against both field experiment data
midcontinental desert region, are the most important cli- and satellite data. Once the models pass these tests, they
matic regions because they encompass the sources arnchn be reduced to simpler forms for inclusion in global
sinks of atmospheric heat and moisture, where potentialclimate models. In addition, field experiment and surface
and kinetic energy are exchanged through the large-scalelata must be used to verify the accuracy of the global
circulation. The network of radiosonde wind observations satellite remote-sensing observations, and provide addi-
is not expected to be significantly upgraded in the nexttional information not accessible from space.
several decades because of the budget constraints of world
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Confidence in climate predictions will require, as as NASA research satellites. Some operational systems
a minimum, the achievement of four basic elements:  such as GOES and AVHRR are designed for an opera-
tional weather forecasting mission and therefore lack the
e detailed dynamical, physical, and radiative cloud mod- high-quality calibration required for climate research in-
els verified against field and laboratory experiments struments such as ERBE and SAGE Il (McCormick et al.
for a wide range of cloud types and conditions; 1992). This accurate and stable calibration is critical to
providing climate data that will improve GCMs as well
» successful construction of simplified climate model as monitor climate change. An advantage of the opera-
parameterizations derived from more-detailed mod-tional systems, however, is a well-developed and stable
els and theories and validated against observations; data-processing and distribution system, as well as the
commitment to long-term data collection that results in
e availability and verification of the accuracy of global climate records with long time coverage and minimal data
satellite observations of key variables; and gaps. A critical problem for national and international ef-
forts in remote sensing of climate is to bring together high
« agreement of climate models with satellite observa-calibration and characterization of remote-sensing instru-
tions on a range of space and time scales (globalments with a commitment to collect homogeneous
synoptic, regional, yearly, seasonal, monthly, and di- measurements over a long period of time.
urnal). EOS will attempt to describe the radiative effects
of clouds on fluxes at the large scale for climate monitor-
In fact, this process is iterative, and all four tasks ing and for validation of GCMs, mesoscale models, and
should be pursued simultaneously. cloud-scale models. A profitable interaction between EOS
Satellite data useful for climate studies have his- and the new generation of models will be fostered by the
torically been collected by both operational satellite participation of EOS teams in small-scale, intensive mea-
systems (NOAA, Department of Defense [DoD]) as well surement programs such as ARM and the GEWEX-WCRP

Ficure 2.14
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Observational strategy for the determination of the role of clouds and radiation in climate. Confidence in climate model predic tions of global
warming requires iterative improvements in global climate modeling, global satellite observations, and cloud/regional-scale mod eling of

cloud dynamical and radiative processes (Wielicki et al. 1995, used with permission from the American Meteorological Society).
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TABLE 2.5
PARAMETER Units ACCURACY TEMPORAL COMMENTS
NAME ABs:REL REsoLuTION
Irradiance, Solar, WAn 0.1% :: 0.001% 1/(2 min) ACRIM
Total

Total solar irradiance

BSRN. ARM and the BSRN function continuously and Concentration on a limited number of well-instrumented
can provide much data to EOS researchers, in some caseges will foster interactions even within EOS. Strong in-
at no cost. Through GCIP, the ARM Southern Great Plaingteraction between detailed surface-based observations and
(SGP) site is already targeted for the validation of opera-high-quality global remote sensing by EOS is critical to
tional tools such as the NMC Eta mesoscale model. Againing increased understanding of the radiative effects
surface-based CPR will soon be deployed at the ARMof clouds and the proper simulation of cloud effects in
SGP site. The same sites can be used as a focal point fatimate models.

the development and validation of EOS remote sensing.

2.3 Required satellite measurements and data sets

2.3.1 Summary of required satellite observations tant energy exchange within the climate system. To pro-
We present here an abbreviated description of some keyide points of reference for required accuracies, consider
EOS observations related to radiation, clouds, water vathat observed changes in climate forcing associated with
por, precipitation, and atmospheric circulation. total-solar-irradiance changes are about 0.253\and
More-complete descriptions of the EOS instruments andthe expected climate forcing from doubling &®about
detailed descriptions of data products can be found in thet Wn72, Variations of radiative fluxes within the climate

EOS Data Products Catalog. system that are associated with season, location, weather,
or natural interannual variability are much larger, often
2.3.1.1 Total solar irradiance on the order of 100 Wrh While it seems beyond current

The total solar irradiance at the Earth is ad@n0 Wn? capability to measure the small changes in fluxes within
and was observed to vary peak to peak by about 1.5 Wmthe climate system that are directly associated with total
or 0.1% during solar cycle 21. If this amount of total solar solar irradiance or atmospheric £@ariability, useful
irradiance change were applied continuously to a relativelymeasurements can be made of the magnitude and vari-
sensitive climate model [I=1.0 K/(W#)], a surface ability of radiative fluxes in the climate system, and these
temperature response of about 0.26 K would be inducedcan be used to both understand climate and validate cli-
This temperature change is small compared to those thahate models. Current climate models appear to be in error
might result from a doubling of GQbut it is significant by tens of Wni#, so that an achievable accuracy of 5 Wm
compared to the estimated 0.5 K warming during the last is very useful, despite being larger than the expected
century, and would be significant in the problem of early climate forcings.

detection and assessment of global climate change. By In planning to make observations of radiative fluxes
using overlapping flights of ACRIM instruments (0.1% within the climate system it is helpful to consider the gen-
absolute accuracy), it is believed that a relative precisioreral requirements for resolution of the frequency spectrum,
of 0.001% can be achieved. This relative precision wouldspatial resolution, temporal resolution, and calibration.
be sufficient to detect any climatically-significant changes To accurately estimate the total radiative energy flux, the
in total solar irradiance on time scales of up to a centurymeasurements must span the range of frequencies that

(see Table 2.5). contribute significantly to the flux. In instruments such
as CERES, which are specifically designed to measure
2.3.1.2 Radiative fluxes total solar or longwave energy flux, a thermal detector is

All of the energy exchange between the Earth and spacesed. In order to understand what causes a change in ra-
is achieved by radiative transfer, as is much of the impor-diative flux it is useful to separate contributions from
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different wavelength intervals that respond differently to to understand the response of certain facets of the climate
changes in temperature, clouds, aerosols, water vapor, @ystem. It is also important to remove any systematic ef-
other greenhouse gases. MODIS provides both high spedects of the diurnal cycle on our sampling of radiative
tral and spatial resolution. fluxes and clouds. For this reason, it is necessary to fly

In order to measure the gross energy balance ofadiation and cloud instruments in at least two sun-syn-
the Earth, global coverage is required; global coverage ishronous orbits simultaneously, usually an AM (~10:30)
achievable from a single polar-orbiting satellite. In order and PM (~13:30) equator crossing time, plus either one
to measure fluxes in the atmosphere and at the surfacgrecessing orbit or a third sun-sychronous orbit. Current
and to evaluate the role of clouds in the radiation bal-planning is for TRMM and TRMM follow-on to provide
ance, it is necessary to have sufficient spatial resolutiorthe precessing orbit to complement the two EOS sun-syn-
in the basic observations to have a high probability ofchronous orbits. This provides observations of most points
obtaining measurements for which the instrument field at six local times each day, sampling which is sufficient
of view contains no clouds. A reasonable frequency ofto resolve the diurnal cycle and to reduce monthly mean
such clear scenes is obtained for pixels of about 25 kntime sampling errors to values similar to errors expected
across, though much higher spatial resolution can be refor calibration and angular sampling (Wielicki et al. 1996).
quired for other purposes such as cloud detection. FoAn important complement to these global diurnal-resolv-
example, to adequately reduce the effect of partially-filled ing radiation measurements will be the planned launch of
pixels on the determination of cloud properties, it has beera Geostationary Earth Radiation Budget (GERB) broad-
estimated from Landsat data that the size of pixels shouldand radiometer on the Meteosat Second Generation
be no larger than 250 m. This resolution has been pro{MSG) spacecraft scheduled for launch in 2000.
vided for two of the channels on MODIS.

In addition to wavelength dependencies, the de-2.3.1.2.1 TOA fluxes
pendence of outgoing radiance on satellite viewing angleFluxes of solar and longwave radiation at the TOA are
can be used to retrieve physical properties such as aerdhe energy exchange of the Earth with space. These fluxes
sol abundance or type. In many retrieval problems usingare modulated by clouds, temperature, humidity, aerosols,
solar radiation, knowledge of the bidirectional reflectance and greenhouse gases, and the relationship between these
distribution function (BRDF: the dependence of the radi- fluxes and the surface temperature is a fundamental mea-
ance on the solar and satellite viewing angles at the poinsure of climate sensitivity. The natural variability of TOA
of interest for a particular scene type) is critically impor- fluxes on decadal time scales can be observed with highly-
tant. MISR, which can view a pixel as small as 275 m in calibrated instruments in properly maintained orbits (e.g.,
4 frequencies from 9 angles during a single overpass, wa€ess 1990). With a combination of highly-accurate broad-
designed to provide accurate BRDFs and exploit the poband radiance measurements from CERES and
tential of angular sampling for remote sensing. CEREShigher-spatial and spectral-resolution radiances from cloud
has been provided with two scanning instruments on earlymagers (VIRS on TRMM, MODIS on EOS AM-1 and
platforms so that the angular and diurnal sampling errors®M-1), each flown in two sun-synchronous orbits with
can be minimized. One scanner is intended to operate idifferent equator crossing times (CERES, MODIS), as
the cross-track direction to provide global coverage, whilewell as a precessing orbit (CERES, VIRS), it will be pos-
the other rotates in azimuth to provide better angular samsible to provide TOA flux measurements with an estimated
pling. absolute accuracy of 2.5 Whifor LW and 5 Wnr for

Temporal sampling is also an issue. Radiation SW. These absolute accuracies are specified as the abso-
fluxes respond strongly to changes in clouds, humidity,Ilute error of a large ensemble of instantaneous
and temperature, which evolve on time scales of hours. lbbservations with a mean emitted TOA LW flux of 240
is not possible to follow these high-frequency develop- Wmand a mean reflected SW flux of 300 Wntypical
ments from polar-orbiting satellites, although the of the EOS AM-1 or EOS PM-1 orbit solar illumination
aggregate effect of these phenomena can be captured gonditions. Instantaneous relative errors (1 standard de-
spatial and temporal averages of data from polar-orbitingviation) for the same ensemble of instantaneous
satellites. An important systematic variability of radia- observations are expected to be about 53%mLW and
tive fluxes occurs on the diurnal time scale. At most pointsabout 15 Wn# for SW TOA fluxes for CERES pixels of
on the globe a strong 24-hour rhythm in insolation drivesabout 20 km in diameter (see Table 2.6). These instanta-
corresponding variations in clouds, temperature, and raneous satellite swath data will be useful for many scientific
diative fluxes. The diurnal variation is important becauseinvestigations.
it represents a known forcing which can be used as a probe
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For global-scale diagnostic studies and model vali-2.3.1.2.2 Surface and internal atmospheric fluxes

dation, spatially-gridded and time-averaged data will mOFeuSing measurements of temperature, water vapor, and
commonly be used. Spatial gridding will start a&1t*  clouds from EOS instruments as input to a model calcu-
latitude-longitude resolution and be nest-able to coarsefation, and constraining these models further with TOA
grids. Two important products for use in analysis andflux measurements, it is possible to produce estimates of
model validation are planned. Global synoptic maps atradiative fluxes at the surface and at several levels within
three-hour intervals are planned for use in Validating the a’[mosphere, for examp|e, at 500 mb and at the tropo_
weather prediction models. Daily and monthly mean mapspause. A similar suite of instantaneous, synoptic, and
also will be generated and made available for modelingdiurnally- and monthly-averaged products is planned. The
and diagnostic studies. For monthly averages it is plannegccuracies of the surface and internal atmospheric radia-
to also produce mean monthly diurnal variations of flux tive fluxes that will be achieved are less certain than for
quantities at three-hourly intervals and also to use scen@uxes at the TOA, since more modeling is required and

identification information to produce separate clear-sky the experience base with this type of flux estimate is less
and total-sky fluxes, so that the role of clouds in modify- developed than for the TOA problem.

ing these fluxes is isolated. Because averaging reduces

random errors associated with sampling and inversion2.3.1.3 Cloud properties

the expected accuracies of the monthly-mean, spatiallyBecause of the critical importance of cloud properties to
averaged data are greater than those of correspondingany of the outstanding global climate questions (Sec-
instantaneous observations. The error estimates assumeign 2.4), and because of the extreme difficulty in deriving

three-satellite system (see Table 2.7). accurate cloud data, cloud properties are derived by many
TABLE 2.6
PARAMETER Units ACCURACY TEMPORAL HorIzoNTAL COMMENTS
NAmME ABs::REL REsoLuTION REesoL::CoVER

Radiative Fluxes, WA 15 Wm? :: 100 Hz 20km :: G CERES/MODI$

SW, TOA 15 Wn#

Radiative Fluxes, W 5Wm2:: 100 Hz 20km :: G CERES/MODIS$

LW, TOA 5Wm?2

Top-of-atmosphere radiative fluxes: Instantaneous pixels

TABLE 2.7
PARAMETER Units ACCURACY TEMPORAL HoRizoNTAL COMMENTS
NAmE ABS:IREL REesoLuTiON REesoL.::Cover

Radiative Flux, Wit TBD 1/(3hr) [avg] 1.6°1.0°:: G Synoptic OLR at
LW, Statistics, TOA 3-hour intervals
Clear_sky and
Total_sky
Radiative Flux, Wit TBD 1/(3hr) [avg] 1.081.0°:: G Synoptic solar
SW, Statistics, TOA, radiation at
Clear_sky and 3-hour intervals
Total_sky
Radiative Flux, Wn# 3Wm2:: 1/mon 1.0%1.0°:: G Monthly averages
LW, Statistics, TOA 2 Wra of longwave
Clear_sky, Total_ radiation
sky, Monthly_Avg
Radiative Flux, Wn# 4 Wm2 :: 1/mon 1.0%1.0°:: G Monthly averages
SW, Statistics, TOA, 3 Wrh of shortwave
Clear_sky, Total_ radiation
sky, Monthly_Avg

Top-of-atmosphere radiative fluxes: Gridded data
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of the EOS instruments. Clouds affect almost all of the

EOS observations, and, as a result, the different measure-

ment strategies used by each instrument provide
fundamentally different information on cloud properties:

« MODIS: Provides high-spatial-resolution, global,
cloud-property measurements. This instrument repre-
sents a major improvement in global cloud
measurements for a wide range of cloud properties.
MODIS is the prime instrument for EOS cloud-prop-
erty measurements. Roughly 12 cloud spectral
channels, 0.25- to 1-km fields of view.

e ASTER: Extremely high-spatial-resolution regional e

data used to verify the effect of sub-pixel cloud vari-
ability on MODIS global cloud retrievals. Eight cloud
spectral channels, 15-m-to-90-m spatial resolution for
selected 60-km regions.

e MISR: Multi-angle views (9 along-track views from

cirrus). Spatial resolution is very coarse (200 km) but
these instruments give unique measurements of sub-
visible clouds.

CERES: Broadband, highly-calibrated coarse-spatial-
resolution radiation-budget measurements. CERES
data are used to constrain cloud-property retrievals in
the CERES data products by providing a broadband
TOA flux constraint. The objective of CERES cloud
products for matched CERES/MODIS and CERES/
VIRS fields of view is a radiatively consistent set of
cloud and radiation data.

VIRS: Provides an advance over current AVHRR for
TRMM cloud measurements with 5 spectral channels,
a 2-km nadir field of view, and on-board solar calibra-
tion. Data will be analyzed as part of CERES cloud/
radiation data products.

Tables 2.8-2.17 summarize accuracies and space/

nadir to 70° fore and aft) with high spatial resolution time characteristics of the key cloud data products planned
(275 m to 1.1 km) in 4 solar spectral channels. Usedfor EOS. The tables are presented individually for each
for narrowband cloud anisotropy measurements as welmajor cloud property. Since accurate tools to objectively
as stereo cloud heights for broken cloud fields. Espe-validate global cloud measurements have only recently
cially useful for studies of the anisotropy of become available, all estimates of global cloud property
non-plane-parallel broken cloud fields, and non-spheri-accuracies are very preliminary. The combination of mul-
cal ice particles (Kahn et al. 1996). tiple EOS sensors and new ground-based and
aircraft-based instrumentation will provide a great im-
* AIRS: High-spectral-resolution but coarse-spatial- provement in the knowledge of the accuracy of cloud
resolution infrared data used to measure the spectrgbroperty measurements and their dependence on cloud
variation of cloud emittance and confirm the interpre- type and climate region. As a minimum, accuracies will
tation of cloud particle phase and size determined usingliffer for clouds over ocean and land, for optically-thick
higher-spatial-resolution but coarser-spectral-resolu-versus thin clouds, and for low versus high clouds. The
tion MODIS data. Up to 2300 spectral channels in avalidation of these cloud properties will be a major effort
14-km field of view. within EOS and will require both dedicated field cam-
paigns (e.g., FIRE) as well as long-term surface site data
e EOSP: Unique solar-reflected radiation polarization (e.g., ARM).
measurements at coarse spatial resolution (10 km).
Useful at small optical depths and for cloud particle 2.3.1.3.1 Cloud fractional area coverage
size and phase estimation. EOSP and MISR are th@he fractional-area coverage of clouds over the globe
instruments most likely to have information on ice should be monitored with the precision necessary to mea-
crystal shape. sure changes of a few percent in Z%.5° regions over
a period of decades.
¢ GLAS: Active lidar useful for remotely sensing cloud Our ability to measure the global distribution of
height and base of optically-thin clouds. Only nadir tropospheric clouds from space will be greatly enhanced
viewing. Offers the most accurate cloud screening andoy MODIS, because of enhanced spatial resolution (250
cloud-height checks of MODIS global cloud retriev- m, 1 km) in the traditional visible and thermal infrared
als. spectral channels, because of new spectral channels which
will enhance the detection, cloud height, and particle size
e SAGE Ill, HIRDLS: Height measurement and detec- determination of thin cloud (1.38, 8.5, 13.3, 13.6, and 13.9
tion of extremely thin cloud in the upper troposphere um), and, finally, because of its greatly improved solar
or stratosphere (i.e., polar stratospheric clouds and thirtalibration using both on-board sources and lunar stabil-
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TABLE 2.8
PARAMETER ACCURACY TEMPORAL HoRizoNTAL VERTICAL COMMENTS
NAME ABs:REL REsoLuTION REesoL::Cover | REsoL::CoVER
MODIS Cloud Cove 0.05::0.05 2/day [d,n] 5km: G N/A :: Cloud
MISR Cloud TBD :: TBD 1/(2-9 day) [d] 17.6 km: G 4 km :: Atmgs
Fraction, Altitude-
Binned (Nadir)
Cloud fractional area coverage
TABLE 2.9
PARAMETER ACCURACY TEMPORAL HorizoNTAL VERTICAL COMMENTS
NAME ABs:REL REsoLuTION REesoL::Cover | ResoL::CoVER
MODIS Cloud 50 hPa :: 2/day 05°: G N/A :: Cloud
Height, Top 50 hPa
AIRS Cloud 0.5 km :: 2/day [d,n] 580 km :: G N/A :: Cloud
Height, Top 0.25 km
GLAS Cloud ;2 75m 25 ms 70 km 75m::
Height, Top
EOSP Cloud 30 hPa : 1/day [d] 40 km :: G 30 hPa :|
Pressure, Top 30 hPa Cloud_top
HIRDLS Cloud 0.4 km :: 2/day [d,n] 24000 km :: G 0.4 km :: Trop
Height, Top 0.4 km
SAGE-IIl Cloud 0.2 km :: 5% 1/(2 min), *R1° G 0.5 km ::
Height, Top 30/day Strat/Trop
Cloud height
TABLE 2.10
PARAMETER ACCURACY TEMPORAL HoRrIzoONTAL VERTICAL COMMENTS
NAME ABs::REL REsoLuTION ResoL::Cover | ResoL::CoVER
MODIS Cloud 10% :: 20% 1/day [d] 5km: G N/A :: Cloud
Optical Depth
MODIS Cloud 2/day 05°: G N/A :: Cloud
Emissivity, Top
AIRS Cloud 0.05:: 0.025 2/day [d,n] x50 km :: G N/A :: Cloud
Emissivity, IR
Spectral (3-14 um)
EOSP Cloud 20% :: 10% 1/day [d] 40 km :: G Column :: Cloud
Optical Thickness
GLAS Thin Cloud 20% :: 1/(2-16 day) 2-100 km :: G N/A :: Atmps For thin
/Aerosol Optical clouds only
Depth
Cloud optical depth and IR emissivity
TABLE 2.1 1
PARAMETER UniTs ACCURACY TEMPORAL HoRIzONTAL VERTICAL COMMENTS
NAmME ABs:REL REesoLution | REsoL::Cover | ResoL::C oVER
MODIS Cloud water/ice 90% Conf [: 2/day [d,n] 5km:: G N/A :: Cloud
Particle Phase 90% Conf
MODIS Cloud um 0.4::2.0 1/day [d] 5km: G N/A :: Cloud
Particle Size
(Effective Radius)
EOSP Cloud water/ice 1 95% Colr 1/day [d] 100 km ::|G N/A :: Cloud_top
Particle Phase
EOSP Cloud um 25% :: 25% 1/day [d] 100 km :: G N/A :: Cloud_top
Particle Size

Cloud particle size and phase
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TABLE 2.12

PARAMETER ACCURACY TEMPORAL HorizoNTAL VERTICAL COMMENTS
NAME ABs:REL REsoLuTION REesoL::Cover | REsoL::CoVER

AMSR-E Cloud 3 mgcm 14 km :: Ocea N/A :: Trop Pixel-scale
Liquid_Water observations
Content
AMSR-E Cloud 1mgcrh 1/day 1.0°: N/A :: Trop Spatial
Liquid_Water averages fo
Content daily maps

Cloud liquid water path

ity checks. Multi-angle observations in shortwave chan-spatial resolution and global coverage will be provided
nels from MISR will provide improved angular directional by MODIS, but other instruments will provide cloud
models for use in cloud detection. ASTER will provide height data based on other techniques, which will add
data to verify the effect of beam filling on MODIS cloud value to the cloud top height data set. AIRS cloud data
detection, especially for small cumulus clouds over land.sets can be determined in conjunction with high-quality
determinations of the temperature and humidity fields.
2.3.1.3.2 Cloud height GLAS will provide very precise and sensitive data on
In order to understand the role of clouds in the longwavecloud top from lidar measurements, but only along the
radiation balance and to monitor interannual variability satellite ground track. These data will be very useful for
in the distribution of cloud top height, it is desirable to validating other methods of cloud height determination
obtain cloud top height measurements with an accuracyand also for detecting cloud tops in polar darkness and
of about 0.3 km for monthly means. This gives an uncer-above snow where other methods may have large uncer-
tainty in the cloud top temperature for tropospheric cloudstainties. EOSP makes use of polarization information,
of about 2 K, and an uncertainty in blackbody emissionwhich other instruments do not. HIRDLS, MLS, and
of about 3 Wnr? for low clouds in the tropics, and less for SAGE Il use limb measurements of the atmospheric
colder clouds. The spatial resolution of the basic mea-emissivity in different wavelength regions and can give
surements should be close to 250 m, in order to avoidnformation on thin clouds in the stratosphere and upper
errors associated with partially-filled scenes. troposphere.
A variety of instruments will give information on
cloud top heights or pressures. The best combination of

TABLE 2.13

PARAMETER ACCURACY TEMPORAL HoRrizoNTAL VERTICAL COMMENTS
Nave ABs:REL REsoLuTiON ResoL::Cover | REesoL::Cover

AIRS/AMSU 1.0K:: 04K 2/day [d,n] 5050 km :: G 1 km :: Atmos
Temperature Profile
MODIS Temperature 0.5K: 05K 2/day 5km:: G (clear) :: Atmos (20|levels)
Profile
HIRDLS 1 K<50 km; 2/day [d,n] 400400 km :: G| 1 km :: 5-130 knq
Temperature Profile 2 K>50 km ::

0.3 K<50 km;

1 K>50 km
MLS Temperature <2K:0.2-1 2/day [d,n] xP.5° 2 km :: 5-80 km
Profile 82°N-82°S
SAGE-II 2K:2K 1/(2 min), 30/day  <&<1°: G 1km::6-70 km
Temperature Profile
(O, Conc.), Solar
TES Temperature 2K:0.2K 1 (4-day suryey) x 889 km :: G | 4-6 km :: 0-33 km
Profile /mon

Atmospheric temperature profile
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2.3.1.3.3 Cloud visible optical depth and infrared emissivity of solar radiation. This accuracy in LWP is much higher

Cloud visible optical depth is an integrated measure ofthan that offered by the methods available for inferring it.
the reflecting power of a cloud at visible wavelengths,
which accounts for reflection by both liquid water and 2.3.1.3.6 Lightning
ice. The relationship between visible optical depth andLightning flashes associated with electrical discharges in
reflected solar radiation depends on the solar zenith angleglouds can be detected from space. These observations
the albedo of the underlying surface, and a number ofprovide a global survey of thunderstorm occurrence and
variables of lesser importance. Radiative fluxes are mostloud electrification processes. LIS will detect such oc-
sensitive to changes in cloud optical depth when the opticurrences with a relatively inexpensive instrument on
cal depth is relatively small where the most precision in TRMM and succeeding satellites. LIS will provide a wide
measurement is therefore required. Global remote meavariety of data on the number, location, and intensity of
surements of cloud optical depth should have a detectiofightning flashes as observed by a spaceborne camera.
threshold of 0.05 and an accuracy of about 20%.

2.3.1.4 Atmospheric temperature profiles
2.3.1.3.4 Cloud particle size and phase In order that temperature profile measurements from sat-
Cloud particle size has importance for the formation of ellites can provide a significant benefit to current weather
clouds and precipitation, and also for the radiative effectsforecasting efforts, it has been determined that profiles
of clouds. For water clouds the optical depth is approxi-with an accuracy of 1 K for vertical scales on the order of
mately proportional to LWP divided by cloud particle 1 km are required. In addition, horizontal spatial resolu-
radius, so percentage errors in LWP and cloud radius aron of 50 km or less is desirable to better define the
about equally important for deducing the relationship positions of fronts and other thermal features. The AIRS
between cloud substance and cloud optical depth. For &nstrumentwas designed with these requirements in mind.
fixed LWP, the albedo of a water cloud varies by aboutHigh spatial resolution and scanning capability are re-
0.2 as the effective droplet radius is changed frqqm5  quired so that the effects of clouds on the infrared
to 25um. If the insolation is 400 Wi then an albedo  radiances used for sounding can be minimized. The addi-
accuracy of about 0.01 is required to give an accuracy irfion of AMSU microwave channels improves the
absorbed solar radiation of 5 Waxin order to obtain this ~ capability of the AIRS instrument to provide accurate tem-
accuracy in computing albedo from observations of LWP perature profiles under partly cloudy conditions.
and effective radius, the effective radius should be known MODIS provides a backup temperature profile re-
to an accuracy of 1.25m. It is anticipated that the effec- trieval capability about equal to that of current operational
tive radius of clouds may be obtainable with this accuracyinstruments. Other instruments provide measurements of
from MODIS, MISR, and EOSP measurements. Thesetemperature with lower horizontal resolution either by
instruments may also be used to distinguish ice clouddimb-viewing in the stratosphere (HIRDLS, MLS, SAGE

from water clouds with a certainty of 95%. ) or as a required adjunct to retrievals of atmospheric
chemical constituents (TES).
2.3.1.3.5 Cloud liquid/ice water path Most modern data assimilation systems for use in

Cloud liquid/ice amounts can be inferred from visible humerical weather prediction assimilate radiances from
optical depth using a model, if the effective particle ra- Satellite temperature sounders rather than inverted tem-
dius and phase are known. Observations of LWP ovePeratures. This is because the inversion process is
water surfaces can be obtained in a different way, fromunderdetermined for the high vertical resolution used in
microwave measurements (e.g., MIMR or AMSR). Al- Weather prediction models, so that the inversion is often
bedo increases most rapidly with liquid water content@n optimal modification of an a priori profile. The model
when the liquid water content is small; albedo becomesforecasts often contain realistic temperature variations of
only weakly sensitive to liquid water amount changes small vertical scale that cannot be resolved with nadir
when the liquid water amount is large. From the perspecsounding channels, and the assimilation of remote sound-
tive of its effect on planetary albedo then, precision in theing data should not corrupt this information. It is better to

measurement of relatively small values of liquid water modify the model temperature profile optimally to con-
below about 5 mg crhis required. A precision of about form to the radiances, than to make the model temperatures

one part in fifty within this range, or 0.1 mg @ris nec-  conform to an inverted temperature profile based on some

essary to give the required accuracy of 5%or fluxes ~ other a priori temperature profile. This process can be
incorporated into the data assimilation system with all
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TABLE 2.14

PARAMETER Units ACCURACY TEMPORAL HoRizoNTAL COMMENTS
Nave ABS:IREL REsoLuTIiON REesoL.:Cover
AIRS Level-1B Wm?2 0.2° NEdT : 2/day [d,n] 2615 km :: G
Radiance Spmt 0.2° NEdT
AMSU Level-1B K 0.2° NEdT : 2/day [d,n] 2615 km :: G
Radiance 0.2° NEdT
HSB Level-1B K 0.2° NEdT :: 2/day [d,n] ¥15 km :: G
Radiance 0.2° NEdT
Radiances for temperature profiling
TABLE 2.15
PARAMETER ACCURACY TEMPORAL HorizonTAL VERTICAL COMMENTS
NAME ABs:IREL REesoLuTiON ResoL::Cover | ResoL::CovER
AIRS/AMSU/HSB 10% (goal) :: 2/day [d,n] %60 km :: G 2 km :: Atmos
Humidity Profile 5%
glkg
AIRS/AMSU/HSB 5% :: 3% 2/day [d,n] 5050 km :: G N/A :: Atmos
Precipitable Water
(mm)
AMSR-E Precipitable 0.2 g cf: 14 km :: Ocean Column :: Trop MIMR also
Water (g/crf) planned for
METOP-1.
AMSR-E Precipitable <0.1 g cht: 1/day 1.0°: Column :: Trop MIMR also
Water - gridded planned for
METOP-1.
HIRDLS H,0 5-10% :: 1-10% 2/day [d,n] 40000 km :: G | 1km:: 5-70 km
Concentration (given accuracies
for 7-70 km)
HIRDLS H,0O 5-10% :: 1-10% 2/day [d,n] ©a° G 1 km :: 5-70 km
Concentration -
gridded
MLS H,0 <5% :: 1-10% 2/day [d,n] 32.5° 2 km :: 5-80 km
Concentration 82°N-82°S
MODIS Water 5-50 % :: 2/day 5 km :: G (clear) - Atmos
Vapor Profile 6-50 % (15 levels)
SAGE-IIl H,0 10% :: 15% 1/(2 min), <2®%<1°: G 1 km :: 3-50 km
Conc & Mixing 30/day
Ratio, Solar
SAGE-IIl H,0 10% :: 15% 1/(2 min), <2®<1°: G 1 km :: 3-50 km
Conc & Mixing 30/day
Ratio, Lunar
TES HO/HDO :20.5-50 ppmv| 1 (4-day survey) x3%H9 km :: G 2-6 km :: 0-33 km
Mixing Ratio /mon

Water vapor profiles and precipitable water vapor column
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other data types if a forward radiative transfer model forcuracies for these measurements will likely be less than
the sounding channels is available. For these reasons raequired, but will represent an improvement over current
diances for the frequency intervals required for soundingestimates. In the tropical regions precipitation estimates
temperature and humidity must be made available to opwill also be available from the precipitation radar on
erational weather prediction centers within two-to-three TRMM.

hours of collection, so that they may be assimilated and

contribute to timely forecasts. For the desired precision2.3.1.7 Winds and circulation

of 1 Kin temperature sounding, these radiances must havBirect wind measurements with an accuracy of 10% for
an accuracy corresponding to 0.2 K noise equivalent temwind speed and a 20° random error would be very useful.
perature difference. AMSU and HSB provide microwave Such measurements for near-surface winds over the ocean
radiances that improve soundings of temperature and huare attainable with scatterometers such as Seawinds. Wind

midity in the presence of clouds. speed estimates with comparable accuracy are also avail-
able from passive microwave radiometers, and the
2.3.1.5 Water vapor along-track data from the Dual-Frequency radar Altim-

Water vapor measurements in the atmosphere are critieter (DFA). Sea-surface wind velocity measurements are
cally important for many purposes. Water vapor massvery useful for calculating air-sea exchange of heat, mo-
mixing ratios vary from about 20 g/kg in the tropical mentum, and moisture between the ocean and the
boundary layer to less than 1 g/kg in the Arctic winter. atmosphere, and are also useful in validating surface wind
Humidities vary between about 10% and 100% of the satusimulations in climate models and numerical weather pre-
ration value for a particular location. Water vapor diction models.

decreases upward because of the decrease of temperature  No direct measurements of wind speed in the free
with altitude and reaches values around 2 ppm near théroposphere or in the boundary layer over land will be
tropical tropopause. From the perspective of its effect onincluded in the planned phases of EOS. Wind vectors in
the energy balance of the Earth, about the same fractiondhe free troposphere will be derived indirectly by assimi-
precision at all levels of the atmosphere is required bedating data into a global model. Direct measurement of
cause a molecule of water at the tropopause is much morgopospheric winds with lidar would be very useful for
effective in reducing emitted energy than a molecule ofboth weather forecasting and climate modeling, but this
water vapor in the tropical boundary layer. This precision capability was eliminated from the EOS program for cost
is required for layers of about equal thickness in height atreasons. New technologies that would make direct wind
all levels. An accuracy of 5-10% is very useful. Such ac-measurements economically and reliably from space
curacy is difficult to achieve at all levels with a single should be pursued.

instrument. AIRS/AMSU/HSB provide good spatial reso-

lution and adequate vertical resolution in the lower 2.3.2 Critical surface observations and field experi-
troposphere, while limb-viewing instruments such as ments

SAGE Ill, HIRDLS, and MLS provide good vertical reso- A vital component of any Earth observing system aimed
lution and precision in the upper troposphere and lowerat obtaining long-term global observations of multiple
stratosphere. Profiles of somewhat less accuracy and rese@omponents of the Earth-atmosphere-ocean system is a
lution can also be obtained from IR channels on MODIS, well-coordinated ground-based monitoring network to-

when AIRS/AMSU/HSB are not available. gether with periodic field experiments. The importance
of this part of any integrated global climate observing
2.3.1.6 Precipitation system cannot be underestimated. This component is vi-

Measurement of precipitation by passive remote sensindal for the purposes of: 1) assessing the accuracy of
from space is a developing science. Requirements for spasatellite-derived geophysical parameters, such as aerosol
tial and temporal resolution and accuracy vary widely optical thickness, surface radiation budget components,
depending on the application. For global-scale studies andloud top altitude, sea surface temperature, total ozone
climate model validation, averages over 100-kh00- content, etc.; 2) evaluating the precision and accuracy of
km regions with accuracies of 10% would be extremelythe satellite sensor calibration through intercomparison

useful. The primary technology for estimating precipita- of satellite measurements with calculations based on ra-
tion globally during the EOS period will be passive remote diative transfer computations using surface and aircraft

sensing from microwave imagers such as MIMR and measurements of atmospheric composition; and 3) pro-
AMSR-E, which have comparable capabilities. The ac-viding enhanced information on the characteristics of
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TABLE 2.16

PARAMETER ACCURACY TEMPORAL HorizoNTAL VERTICAL COMMENTS
NAME ABs:IREL REsoLuTiON ResoL::Cover | ResoL::CovER

AMSR-E 100% :: 6 km :: Land MIMR also
Precipitation planned for
(Land) METOP-1.
AMSR-E 50% :: 14 km :: Ocean MIMR also
Precipitation planned for
(Ocean, 2 layers) METOP-1.
AMSR-E 20% :: 1/day 1.0°:: MIMR also
Precipitation planned for
(Land) mapped METOP-1.
AMSR-E 10% :: 1/day 1.0°:: MIMR also
Precipitation planned for
(Ocean) mapped METOP-1.

Precipitation

TABLE 2.17

PARAMETER Units ACCURACY TEMPORAL HorizoNTAL COMMENTS
NAmME ABs:!REL REsoLuTION REesoL::CovErR
SeaWinds Wind miglg >of2m#¢ 90% of oceans 50 km :: Ocean
Vectors, Near_ or 10% rms (speed); every 2 days (1600 km swaths )
Surface 20° rms (direction) ::
AMSR Wind Speed, m5s 1.5m¢d:: 14, 25 km :: Ocean MIMR also
Sea_sfc planned for
METOP-1.
AMSR-E m st <0.5m¢g:: 1/day 1.0°: MIMR also
Wind Speed, planned for
Sea_sfc-averaged METOP-1.
Radar Altimeter m$ 2ms 7 km :: Ocean
Wind Speed,
Along-track

Wind speed and direction near the ocean surface

surface and atmospheric constituents assumed in the reloud products, and to test and develop new remote-sens-
mote-sensing retrievals using satellite observations. Spaceéng methods for future spaceborne missions and to assess
surface, and aircraft approaches are all required to obtheir accuracy through intercomparisons with in situ mi-
serve the range of critical physical processes that occucrophysical measurements. FIRE has been conducted in
from the microscale (e.g., microphysical properties of two phases, the first from 1985-1990 and the second from
clouds) to the macroscale (e.g., basin-wide SST varia1991-1995, and has thus far concentrated on two cloud
tions associated with El Nifio). To this end, many surfacetypes: marine stratocumulus and cirrus.

observational networks and airborne field experiments Marine stratocumulus clouds exert a large influ-
have been established. Highlighted below is a selectiorence on the radiation balance of the Earth-atmosphere-
of these extremely important programs, emphasizing theirocean system through their large areal extent, temporal
role in improving the understanding of the role of clouds persistence, and high reflectivity to solar radiation. Cir-

and radiation in climate. rus clouds, on the other hand, exert their greatest radia-
tive influence on the Earth’s climate through their effects
2.3.2.1 FIRE on longwave radiation emitted to space. Both of these

FIRE is an ongoing multi-agency, international program cloud types are spatially and temporally persistent in the
to support the development of improved cloud radiation Earth’s atmosphere, and both create difficulty in the re-

parameterization schemes for use in climate models, tonote sensing of cloud properties from spaceborne sen-
provide an assessment of the accuracy of ISCCP-derivedors. As a direct consequence of the need to determine
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the optical and microphysical properties of clouds from atmospheric temperature and moisture profiles, vertically
present and future spaceborne systems, such as MODI®)tegrated water vapor (precipitable water), cloud base
a need arose to conduct intensive field observations (IFOsiltitude, surface longwave flux, and cloud optical and
of marine stratocumulus and cirrus clouds. These two fieldmicrophysical properties. Since passive satellite obser-
campaigns, conducted as major components of FIRE (Cowations are especially sensitive to cloud top properties, a
et al. 1987), have focused exclusively on these two cloudvaluable role of GEWEX is assessing the longwave ra-
types. Largely as a result of these four field experimentsdiation flux reaching the Earth’s surface under cloudy
(conducted in 1986 and 1987; repeated and enhanced iconditions in both a dry and humid environment. Here
1991 and 1992), the radiative and microphysical proper-again a combination of surface observations, temperature
ties of these cloud systems have been more extensivelgnd moisture soundings, focused airborne observations,
studied than others. and modeling studies will provide an opportunity to as-
In all of these intensive field campaigns, emphasissess the accuracy of satellite-derived geophysical
has been placed on coordination between aircraft-, spacgroperties and to translate the results of process studies
craft-, and ground-based observing systems, and has lei the global scale.
to a number of important insights. For marine stratocu- The GEWEX program will focus on five main
mulus clouds, outstanding problems include the components of the hydrologic cycle: clouds and radia-
discrepancy between observations and theory of the abtion, atmospheric moisture, precipitation, ocean fluxes,
sorption of solar radiation by clouds, the discrepancyand land surface processes. Since current satellite-derived
between remote sensing and in situ estimates of the efnoisture data are accurate to ~10-20% over the oceans
fective droplet radius derived from spectral reflectanceand 20-30% over the land, since water vapor is the most
measurements, and the variability and spatial structure ofmportant greenhouse gas, and since clouds and their ra-
stratocumulus clouds derived both from reflection anddiative properties play a major role in cloud feedback
transmission measurements. For cirrus clouds, the therprocesses, process studies such as GEWEX are vital to
mal emission characteristics of these clouds suggest thanhancing the value of the spaceborne observations to be
the effective radius of ice crystals is much smaller thanprovided as part of the Earth Science Enterprise (ESE)
previously believed and, in addition, the thermal emit- program (TRMM, EOS AM-1, EOS PM-1). Over the
tance of cirrus clouds is generally less than theoreticallyoceans, two current experiments are providing valuable
predicted for a given value of the visible albedo. Thesedata on ocean fluxes, including cloud radiative proper-
important results, described in detail by King (1993), leadties, TOGA and the World Ocean Circulation Experiment
immediately to the conclusion that carefully planned air- (WOCE). In late 1992 and early 1993 COARE was con-
borne field campaigns, together with coincident ducted in the western tropical Pacific as part of the TOGA
ground-based observations, are essential for assessing tiogram, and this large multinational and multiagency
accuracy and validity of satellite-derived geophysical program obtained numerous data sets on cloud radiative
cloud properties. Plans are currently being developed foand microphysical properties as well as passive and ac-
FIRE phase Ill, which will likely include campaigns in tive microwave measurements of precipitation patterns.
complex environments such as Arctic stratus clouds over-This valuable data set will provide much needed infor-
lying sea ice, a regime for which remote sensing of cloudmation that will enable algorithms to be tested and
properties from space is especially difficult. evaluated for both the EOS (MODIS, GLAS, AMSR) and
TRMM programs.
2.3.2.2 GEWEX
GEWEX is an international program of the WCRP that 2.3.2.3 Climate Variability (CLIVAR) Project
focuses on observing and modeling the hydrologic cycleThe CLIVAR Project of the WCRP (WCRP 1995) seeks
and energy fluxes in the atmosphere, at the land surfacép understand and predict climate variability on
and in the upper layers of the oceans. This enormous pronterannual-to-centennial time scales. It is initially orga-
gram plans to compare results from ongoing processiized into three component programs. CLIVAR-Global
studies aimed at improving the parameterization of clouds Ocean Atmosphere Land System (GOALS) will study sea-
radiation, and surface processes with coincident satellitessonal-to-interannual variability and prediction,
observations and modeling studies (Chahine 1992). ALCLIVAR-DecCen will study decadal-to-centennial vari-
such, it has a considerable validation component that willability and predictability, and CLIVAR-ACC will study
prove a valuable source of data to assess the accuracy ofodeling and detection of anthropogenic climate change.
satellite retrieval schemes such as the remote sensing dfhe science goals of EOS intersect strongly with the goals
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of CLIVAR in the areas of radiation, clouds, water vapor, mended BSRN instrument complement includes: short-
precipitation, and atmospheric circulation, as well as inwave total, direct, and diffuse downward fluxes, longwave

other areas. downward fluxes, and synoptic and upper-air observa-
tions. Expanded measurements at some sites will include
2.3.2.4 ARM lidar for cloud base altitude and direct solar spectral irra-

The ARM Program (Stokes and Schwartz 1994) is a re-diance at specified wavelengths for aerosol optical
search program of the U. S. Department of Energy (DoE)properties. These data will provide a critical database for
and is the largest component of DoE’s contribution to thevalidation of satellite-inferred downward shortwave and
USGCRP. This program is aimed at assessing the radidongwave radiative fluxes and for monitoring long-term
tive properties of the atmosphere under both clear andrends.
cloudy conditions, and thus consists of a sophisticated
measurement program from ground-based facilities a<.3.2.6 ECLIPS
well as from remotely-piloted aircraft. ARM is therefore Another key international experiment is the Experimen-
complementary to NASAs Earth Science Enterprise intal Cloud Lidar Pilot Study (ECLIPS) (Platt et al. 1994).
that it provides an intensive ground-based component thaECLIPS is designed to obtain observations of cloud
emphasizes process studies focused on two related sciebackscattering profiles (including cloud base altitude and
tific issues in the development of models to assess humaaloud top altitude for optically-thin cloud) from about 10
impact on climate: 1) radiative energy transport and 2)participating ground-based lidar sites around the world.
cloud formation, maintenance, and dissipation. About half of these sites provide lidar depolarization
The measurement program will focus on Cloud and measurements to distinguish water and ice clouds, and
Radiation Testbed (CART) sites consisting of facilities at several use uplooking 11-um radiometers to provide im-
three key locales around the world: 1) the SGP of the U proved estimates of cloud optical depth. The ECLIPS lidar
S., 2) the western tropical Pacific, and 3) the north slopesystems have derived nearly continuous cloud observa-
of Alaska. Each of these sites will characterize the broad+tions for two experiment months, and conducted a third
band and spectral components of both longwave andgxperiment in conjunction with Lidar In-space Technol-
shortwave radiation reaching the Earth’s surface, as welbgy Experiment (LITE), a lidar system successfully flown
as measure the water vapor, temperature, and wind proen space shuttle Discovery in September 1994 (STS-64).
files throughout the lower atmosphere. These These lidar systems provide a unique and objective data
measurements will aid both in improving parameteriza- set for cloud base altitude for all cloud types, including
tion of the radiative properties of the atmosphere for usecirrus. For cloud base altitudes below 4 km, the NOAA
in GCMs and as ground and airborne calibration/valida-ceilometer database will also be a critical data source.
tion sites for EOS sensors such as CERES, MODIS, AIRS,
MISR, and EOSP. All three of these distinct climatologi- 2.3.2.7 Ties to other research areas
cal regimes will be well characterized by the time of the
launch of the first EOS AM-1 platform in 1998, and can 2.3.2.7.1 QOceanic processes
thus be used as prime locations for intercomparisons offhe storage and transport of heat by the ocean are strongly
clear sky, aerosol, and cloud properties (including cloudaffected by surface forcing of momentum, heat, and mois-
base altitude). Finally, in addition to the CART sites, the ture through interaction with the atmosphere. The surface
ARM program has an aggressive modeling componentthermal forcing of the ocean is composed of radiative
including radiative transfer, cloud formation, and data (shortwave and longwave) and turbulent (sensible and

assimilation. latent) heat fluxes. The most viable method of monitor-
ing these fluxes over adequate temporal and spatial scales
2.3.2.5 BSRN is by spaceborne sensors. Scatterometry and passive mi-

The BSRN (WCRP 1991) is an international program of crowave imaging can give surface wind stress over the
the WCRP designed to improve the accuracy and samecean, which is key to momentum, heat, and moisture
pling rate of surface-measured shortwave and, especiallygxchange rates.

longwave radiative fluxes. Data collection has recently The relative accuracy of surface solar irradiance

begun at a few sites, and should increase to about 30 siteterived from satellite data has been found to be sufficient
within the next few years. A key element of these data isin monitoring the seasonal cycle over most of the ocean
the provision of downward longwave flux at the surface and the interannual anomalies over the tropical oceans.
at all BSRN stations, since most observational records aThe surface flux derived from satellite data has been used
the surface cover shortwave fluxes only. The recom-to study the evolution of major climate signals, such as
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the ENSO (e.g., Liu and Gautier 1990; Chertock et al.evaporation control the availability of surface moisture
1991). It has also been used to examine the feedback dbr plants, animals, and people. Large-scale circulations
cloud and atmospheric circulation on SST changes oveprovide a supply of moisture to the land and exchange
the global ocean (Liu et al. 1994). Cloud and moistureother gaseous compounds of importance between land
feedbacks are important for the seasonal-to-interannuahreas and the rest of the globe.
predictability associated with ENSO. It is clear that currently the surface radiation bal-
The surface heat flux could be integrated to give ance is not modeled well in climate or numerical weather
the mean meridional heat transport by the ocean. In therediction models (Nobre et al. 1991; Shuttleworth and
past, only meteorological reports from volunteer ships Dickinson 1989). It is also clear that realistic changes in
were used (Tally 1984), but satellite data have the potentand surface albedo, brought about by land use change,
tial of providing better coverage. To adequately resolvecould have a large influence on continental climatologies
the meridional heat transport, an absolute accuracy ofNobre et al. 1991; Lean and Warrilow 1989). Lastly, in-
better than 10 Wrh in the total heat flux is required creasing evidence of the linkages between a region’s cloud
(WCRP 1982). While surface shortwave radiation esti- climatology and its surface hydrometeorology is being
mates from satellite data approach this accuracy, theseen. The role of vertical water recycling in Amazonia in
estimation of other components needs improvement. Suclmaintaining the “protective” cloud layer over the region
improvement is expected in the next decade with theis just beginning to be understood. A detailed, reliable
launching of advanced sensors for surface wind and atglobal data set on the surface radiation budget and sur-
mospheric temperature and humidity soundings. face albedo is urgently needed if the models are to be
The radiation that penetrates the ocean surfacejmproved.
particularly within the photosynthetically-active range Global carbon cycle (fast componenglobal pho-
(0.4-0.7 um), is important to ocean biological productiv- tosynthesis and fast cycle respiration are closely tied to
ity and the distribution of chemical species in the oceanthe energy and water cycles, and so in large part they de-
(Platt et al. 1988). The monitoring of ocean surface solapend on the terms discussed above. In addition, the
irradiance, together with observations from future oceanincoming flux of photosynthetically-active radiation (0.4-
color sensors, will also advance our understanding of thed.7 um) is a critical forcing of photosynthesis (Sellers

biogeochemical cycle in the ocean. and Schimel 1993).
Ecology and global carbon cycle (slow compo-
2.3.2.7.2 Land processes nent} The biogeography of the world’s vegetation is

Clearly radiation, clouds, water vapor, and precipitation closely coupled to the physical climate system. Key driv-

interact strongly with land surface processes. Informa-ers are water availability and temperature that determine
tion on all components of the surface radiation budget isthe rate of soil respiration and litter turnover. These fac-
vital for land surface studies, covering the gamut fromtors are in turn linked to the surface radiation climatology,

land surface climatology to ecology. Precipitation and precipitation, and evaporation.

2.4 Summary of EOS contributions

2.4.1 Observation and monitoring of key climate vari- flight instrumentation has demonstrated a capability of

ables providing annual precision smaller than 10 ppm of the
2.4.1.1 Total solar irradiance TSI.
The EOS/ACRIM experiment was selected to provide the A successful deployment of ACRIM using the mis-

total solar irradiance database during the EOS missionsion overlap strategy will provide a high-quality,
The ACRIM measurement approach, capable of provid-continuous record of total solar irradiance variability that
ing the maximum precision for the long-term TSI databasemay be linked with prior measurements and continued
with current measurement technology, employs an “over-into the foreseeable future. This would provide a basis
lap strategy” in which successive ambient temperaturefor evaluating the role of variabililty in solar energy out-
TSI satellite experiments are compared in flight, trans-put in climate variability, and allow a clear separation
ferring their operational precision to the database. ACRIMbetween solar-caused climate change and other causes,
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including greenhouse gases released by human industrigeasonal-to-interannual and longer-term prediction re-
activity. Such a clear separation of causes is critical to thesearch and testing.
assessment of the causes of climate change and predic-

tions of future changes. 2.4.2 Understanding of the processes that relate
clouds and water vapor to global climate and

2.4.1.2 Radiative energy fluxes—TOA, surface, atmo- their effect on climate sensitivity
spheric Critical climate sensitivity mechanisms involve radiation,

Satellite remote sensing, in situ data, and models will beclouds, and water vapor. The global coverage, high-spa-
brought together under EOS to provide a global, homo-tial-resolution, and high-spectral-resolution data from
geneous data set of observations of radiative fluxes at thEOS can be used to better understand the processes that
TOA, at the surface, at the tropopause, and at intervenindje at the core of these sensitivity mechanisms. EOS wiill
layers of the atmosphere (in order of priority). Becauseprovide accurate global measurements of the exchange
of both improved instrumentation and improved tech- of energy between the Earth and space with sufficient spa-
niques for estimating radiative energy fluxes, the radiativetial resolution and detail so that, when combined with
flux estimates produced by EOS will be useful in under- observations of temperature, clouds, and water vapor, also
standing climate and in validating models to predict futureto be provided by EOS, the role of clouds and water va-
climate variability and change. Key contributions will por in climate can be accurately assessed. The spatial
come from improved calibration, improved spatial and resolution of some of the key instruments will be fine
spectral resolution of the MODIS solar and IR imager, enough that the phenomena (e.g., convective cloud com-
improved directional information from MISR, improved plexes in the tropics) involved in these processes can be
sampling in space, time, and angle and greater accuraciesolved and their interactions with the larger-scale envi-
from CERES, and better methods to incorporate cloudronment depicted, particularly those relating to the

information in flux estimates. distribution of water vapor. These observations can be
used to test explicit simulations of these phenomena us-
2.4.1.3 Cloud properties ing regional and cloud-scale models, and the observations

Cloud property detection and monitoring are essential bottand regional models together can be used to test and im-
for understanding the maintenance of the current climateprove the parameterizations required in global climate
and for observing seasonal and interannual shifts in cloudnodels. This end-to-end validation of key processes in-
distributions that may be related to natural or anthropo-volving clouds and water vapor in global climate models
genic climate variability. Instruments to be flown as part will greatly increase confidence in the validity of seasonal
of EOS provide unprecedented capabilities for monitor- forecasts and predictions of global climate change.

ing the properties of clouds with detail and precision not

previously possible. Critical instruments include MODIS, 2.4.3 More-accurate treatment of cloud and water

CERES, MISR, and EOSP. They will provide not only vapor and their radiative effects in global cli-

improved technology for determining critical cloud prop- mate models

erties from space, but also better calibration for Processes that control cloud properties and the distribu-

determining long-term trends. tion of atmospheric water vapor are critical to climate
sensitivity and accurate climate forecasts. Current efforts

2.4.1.4 Precipitation to include more-explicit treatments of cloud water and

Global precipitation measurements, currently in a ratherice in global climate models are hampered by insufficient
unsatisfactory state, will be greatly improved during the understanding of the key physical processes and lack of
EOS era. The combination of visible/infrared imaging, adequate data for validation. The observations and asso-
microwave imaging, and rain radar on the TRMM mis- ciated scientific investigations to be provided by EOS are
sion will provide a revolutionary data set of precipitation designed to improve this situation. Key contributions will
observations in the tropics, and will also lead to improve-be made in the areas of tropical mesoscale anvil clouds
ment in algorithms for precipitation estimation from that accompany deep convection in the tropics. EOS wiill
combined VIS/IR and microwave imaging. Adequate tem- provide key microphysical and radiative properties of
poral and spatial sampling by better quality microwave these clouds that will be helpful in determining how to
imagers such as MIMR and AMSR will improve precipi- represent the detrainment of ice from cumulus updrafts
tation estimates over the oceans, and provide dnto anvil clouds. New observations of the ubiquitous and
high-quality, long-term data set of the type required for poorly understood thin cirrus that exists at all latitudes
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will help to define the source of this cloud and its cli- and AMSR, cloud properties from MODIS/MISR/EOSP,
matic importance. temperature and humidity from AIRS/AMSU/HSB, and
Upper troposphere water vapor is maintained by surface wind patterns from scatterometry, it will be pos-
some combination of detrainment from cumulus and syn-sible to more closely relate precipitation to the large-scale
optic-scale eddy fluxes. The SAGE Ill, MLS, and environment. This will enable much more rigorous test-
HIRDLS instruments that are part of EOS will provide ing of precipitation simulations in global weather
greatly improved sampling of upper trospospheric waterprediction models, seasonal-to-interannual forecast mod-
vapor, while AIRS will have the capability to derive a els, and climate models.
water vapor product analogous to that available from the
operational satellites, but with greatly improved accuracy2.4.5 Synergism with oceanic and land-surface pro-
and vertical resolution. cesses
Subtropical marine stratus and trade cumulus areRadiation, clouds, water vapor, and precipitation are all
important to climate models not only as a source of cloudclosely related to important processes at the land surface
feedback but also as a key deficiency that causes climatand in the ocean. Improvements in these areas will inter-
drift in coupled ocean-atmosphere GCMs. EOS will alsoact very positively to improve understanding and
allow improved analysis of observed relationships be-simulation of land surface and oceanic processes. The
tween the liquid water content of warm clouds and ambientocean is driven by heat, momentum, and water fluxes at
temperature, a potentially powerful climate feedback its surface, and these are all closely related to the water
mechanism. and energy budgets of the atmosphere and the processes
A related question for GCMs is how to translate that maintain them. The character of the land surface and
grid-scale predicted cloud water content into cloud al-its suitability for habitation are shaped by precipitation
bedo, given small-scale inhomogeneities. The 250-mand the supply of radiant energy to warm the surface and
resolution of MODIS is sufficient to capture the mostim- evaporate water.
portant scales of inhomogeneity, permitting optical
thickness probability density functions to be character-2.4.6 Enhanced assessment of global change: Moni-

ized for different cloud types. This combined with MODIS toring and trend detection
particle size estimates will help define parameterizationsThe long-term (>15 years), accurate, global data sets for
for albedo as a function of LWP. total solar irradiance, TOA, surface, and atmospheric ra-

Another particle size issue is the poorly defined diation fluxes, temperature, humidity, cloud properties,
indirect effects of aerosols on clouds, both the radiativeprecipitation, and winds that EOS will develop, will pro-
effect of smaller droplets and the suppression of drizzle.vide an unprecedented view of the global climate system
EOSP and MISR will define the tropospheric aerosol dis-that will be essential in developing assessments of cli-
tribution, which can be combined with MODIS optical mate variability and change. The diurnal, intraseasonal,
thickness and particle size to isolate the indirect radiativeseasonal, and year-to-year variability within this database
effect. In principle, AMSR can complement this by mea- will give a needed perspective on the natural variability
suring drizzle rates for stratus, but current microwaveon these time scales, and the relationships between the
algorithms are insensitive to light precipitation. variables will provide insight into how the climate sys-

A key to reducing uncertainty in climate model tem operates. This perspective on the decadal variability
forecasts is to efficiently incorporate the new observa-of the climate system will be essential in reaching a con-
tions from EOS into the understanding and methodologysensus about what aspects of global change can be
that underlie cloud and precipitation parameterizations inattributed to human activities, and what this information
climate models. The EOS interdisciplinary investigations implies about future changes and their effects on human-
will help catalyze a more-effective and productive inter- ity. In addition, variability on time scales from seasons to
action between theory, observation, and modeling. a decade is of great practical importance to humanity, and

the global, homogeneous, long-term measurements of the
2.4.4 Better measurement of precipitation and un- climate system to be provided by EOS, together with the

derstanding of the role of precipitation in con-  associated scientific research efforts, will result in im-

necting atmospheric and surface processes, proved ability to predict seasonal and interannual

and more-accurate modeling of precipitation variability.

in global climate models
With improved measurements of global precipitation from
TRMM and advanced microwave imagers such as MIMR
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2.4.7 Improved predictions of future climates and the space, upper-tropospheric humidity, and global precipi-
influence of climate change on humanity tation can all be measured very effectively from space
The database to be assembled under the EOS prograand are all central to important climate maintenance and
will provide a global picture of the Earth system from the sensitivity mechanisms. These measurements, when com-
relatively small scales of convection to the much largerbined with in situ measurements, models, and a
scales of planetary circulation systems. This database willvell-directed program of scientific research, will lead to
be critical in understanding climate sensitivity processesgreat enhancements in our ability to understand and pre-
and assuring that they are adequately treated in globadict global climate changes and their effects on human
climate models used to predict future climates. Total so-activities.
lar irradiance, exchanges of energy between the Earth and
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